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Abstract 
 
High Resolution Retinal Imaging to Evaluate Laser and Light Safety in 
the Retina for Near and Long Term Health Effects  
Ginger Madeleine Pocock, Ph.D. 
The University of Texas at Austin, 2012 
 
Supervisor: H. Grady Rylander III 
 
The purpose of this research was to investigate detect and monitor laser-tissue 
interactions at threshold and potentially sub-threshold levels of injury. High resolution 
imaging modalities can provide a deeper understanding of candidate biomarkers disease 
and injury at the molecular, cellular, and tissue-levels which can be used to identify and 
diagnose early stages disease and damage. In addition, multi-scale and multi-modal 
imaging have also been used to identify inherent biomarkers of retinal disease and injury. 
Monitoring tissue changes can be mapped back to biological changes at the cellular and 
sub-cellular level.  Diseases often alter tissue on the ultra-structural level yet retinal 
clinical diagnosis often monitor changes in tissue at the organ level. If injury and disease 
is detected and diagnosed during an “early” stage of development, treatments and drug 
interventions may prevent further spread of the pathology.  Non-invasive imaging is 
expected to be a valuable tool for in vivo medical research as well as for the diagnosis 
and management of disease. In addition to developing new imaging tools and techniques 
 viii 
to image the retina, the identification of inherent biomarkers of disease and health using 
diagnostic methods are almost equally as important.  
Using the inherent optical properties of retinal tissue, we can non- invasively 
quantify differences in the absorption and reflection of light to gauge the risk for visual 
disability or worse yet irreversible vision loss as a result of retinal disease and chronic 
light exposure. The research presented with in this dissertation is three separate studies 
aimed at identifying light injury and potential biomarkers indicating the risk of light 
mediated development of disease. 
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Chapter 1: Introduction and Background 
1.1  ORGANIZATION OF THE DISSERTATION 
Chapter 2 of this dissertation presents background on regimes of light damage to 
the retina in relation to the light exposure parameters that can cause immediate damage as 
well as the effects of the lifetime accumulation of chronic photochemical reactions as a 
result of excessive light exposure and lack of protective factors. The application of high 
resolution in vivo imaging to study light induced damage will also be discussed.  Factors 
such as the role of retinal chromphores in light induced damage will also be reviewed. 
The material in Chapter 2 supports the office of the U.S. Air Force Surgeon General 
study entitled “Sensitive Evaluation of Retinal Laser Lesions in Vivo” awarded to Air 
Force Colleagues in October 2008. Results of the study have been presented at the 
Association for Research in Vision and Ophthalmology (ARVO) conference as “In vivo 
Retinal Laser Lesion Formation with Simultaneous Adaptive Optics Enhanced Confocal 
Scanning Laser Ophthalmoscope (AOcSLO) and Spectral Domain Optical Coherence 
Imaging (AO-SDOCT),” Invest. Ophthalmol. Vis. Sci., ARVO E-abstract 438, (2012). 
Chapter 3 introduces a new in vivo model to monitor retinal inflammation and the 
immune response as a result of light induced damage. The material in Chapter 3 supports 
the Air Force Chief Scientist Seedling Program of a study entitled, “In vivo NF-kB 
activation as a marker of early stage retinal injury” awarded to the author. The results are 
part of a collaborative study between The University of Texas Medical Branch in 
Galveston and the U.S. Army Institute of Surgical Research at Fort Sam Houston. The 
study has been presented at the Biomedical Optics (BiOS) Photonics West Conference as, 
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“NF-kB Activation as a Biomarker of Injury Using a Transgenic Mouse Model," 
Proceedings of SPIE Vol. 8221, (2012).     
Chapter 4 describes a study to relate the spatial distribution of the macular 
pigment in the human retina measured using two-wavlength autofluorescence to the 
foveal morphology.  The study is a collaborative effort between The University of Texas 
at Austin and the Air Force Research Laboratory. Results have been presented at the 
Optical Society of America (OSA) Fall Vision Meeting as, “Comparison of Macular 
Pigment Optical Density Spatial Profiles Measured Using Two-Wavelength 
Autofluorescence with Foveal Pit Morphology,” J. Vis., 11(15), (2011). 
1.2 LIGHT INDUCED RETINAL DAMAGE 
The vulnerability of the retina to light induced damage spans the ultraviolet (UV)-
visible spectrum into the near infrared spectrum (380 to 1400). The transmission of the 
wavelengths to the retina is dependent upon the absorption (µa (cm
-1
)) and scattering 
coefficient (µs (cm
-1
)) of the anterior segment and vitreous as well as the light irradiance.  
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Figure 1.1  Percentage of incident light transmission through ocular media spanning 
the UV to IR spectrum in the rhesus monkey
1
. 
Retina damage from laser or non-coherent light sources can occur via three 
principle light damage mechanisms: photothermal, photochemical, and photomechanical 
damage
2
. The light intensity and temporal summation of exposure as well as the 
wavelength dependent optical properties of the tissue determine whether chronic or acute 
exposure to light results in retinal damage. 
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Figure 1.2 The laser dosimetry and the optical properties of tissue dictate the type of light damage that 
occurs in tissue. Parts of figure adapted from Niemz
3
.  
 Photochemical damage to the retina is the result of phototoxic effects of low-
power irradiation from laser or excessive sun exposure (380-550 nm) in which thermal 
effects are indiscernible
4,5,6,7
. A characteristic feature of photochemical damage is 
adherence to the reciprocity rule in which the damage is dependent on the total power 
needed to produce photochemical damage and is mostly independent of the irradiance
8
. 
In other words, a higher irradiant exposure for a short exposure time can produce the 
same amount of damage as a lower irradiant exposure held for a greater amount of time. 
The damage occurs from light triggered chemical reactions that cause the formation of 
free radicals which can cause protein modification and lipid peroxidation in the retina. 
Retinal and retinal pigment epithelial (RPE) degeneration can occur as the result of 
photochemical damage due to the cumulative effects of long-term exposure to ambient 
daylight conditions. Long-term exposure to blue light in animal models (photochemical 
damage) leads to damage characteristics that are similar to age-related macular 
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degeneration AMD
9
. Though it is not conclusive, there is strong evidence that light is an 
aggravating factor in neural retinal diseases such as glaucoma and AMD
10
. 
 Thermal laser/light damage in tissue occurs when the light absorbed by the tissue 
chromophores is converted to heat and dissipates into adjacent tissue via thermal 
conduction. For example, the primary chromophore for the 500-600 nm is melanin. Most 
the damage occurring within the retina will occur at the RPE layer as a result of laser 
exposures delivered within the wavelength range. Excessive heat generation marked as a 
temperature increase greater than 10°C can result in protein denaturation and necrosis. 
Extreme instances include tissue vaporization when high energy short pulse laser are 
used. For exposures not thermally confined (> ~20 us), heat will dissipate from the RPE 
layer resulting in damage to adjacent neural retinal layers and possibly causing trauma to 
the Bruch’s membrane. In addition to neural loss at the site of exposure, damaged 
neurons at and surrounding the exposure site release molecules, such as singlet oxygen, 
causing damaging secondary effects. Photomechanical tissue damage arises from shock 
waves propagating from the rapid vaporization of water surrounding the melanosomes of 
the RPE when the retina is exposed to high light irradiance and short exposure durations. 
A continually expanding array of laser technology requires vigilant monitoring of 
the laser safety standards with regard to potential new mechanisms of damage and 
adequacy of the data supporting the standard. The ANSI standard
11
 sets the maximum 
permissible exposure (MPE) as the level of laser radiation to which an unprotected 
person may be exposed without adverse biological changes in the eye or skin. Studies 
that determine the MPE to a laser are based on specific parameters of light exposure to 
include wavelength, exposure duration, and size of irradiated retinal area. The MPEs are 
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determined experimentally from in vivo damage threshold studies. Retinal laser damage 
studies have traditionally used direct laser exposure and evaluation through a direct-view 
funduscope (ophthalmoscope) to determine any visible changes in the tissue examined 
(Figure 3). 
 
 
Figure 1.3 Fundus image after exposure to1110 nm 80 ms laser exposure. 
A study by Morgan et al.
12
 demonstrated permanent decrease in retinal 
autofluorescence of the RPE from light exposures within the ANSI limit for safe 
exposure. Although it is not clear weather this observation is truly damage, their results 
underscore the need for high resolution imaging to determine the safety of current and 
new laser systems. Therefore, it becomes necessary to not only seek novel ways of 
detecting and discriminating retinal damage at the microscopic cellular level but 
understanding the molecular signaling pathways leading to the damage as well. The 
acceptance of low level light laser therapy into mainstream science and clinical 
application for the treatment of retinal injury
13
 and disease
14
 begs for the elucidation of 
the detailed cellular events governing the phenomena. As it is currently understood, the 
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“photochemical” reactions between certain wavelengths of light and cell membranes 
inhibit the production of nitric oxide via absorption by cytochrome c and tip the cell 
environment more toward the oxidative state. Changes in the redox state initiate the 
intracellular signaling pathways that initiate transcription factors
15
 leading to tissue 
proliferation
16,17
 and survival. Continued research into the use of low level laser therapy 
should consider the other alternatives in terms of the cumulative effect of several therapy 
sessions of low level light. Is there a negative consequence or damaging photochemical 
side effect as a result of repeated exposures?   
The goal of the study summarized in Chapter three of this dissertation was to 
validate an in vivo model for molecular imaging of the spatial and temporal activation of 
nuclear factor-kB (NF-kB). NF-kB is a redox-sensitive transcription factor and could be 
used to monitor changes in the cell redox state as a consequence of photochemical 
damage. Using NF-kB as a sensor of oxidative stress could help to establish light 
dosimetry in which low levels of light tip the cell/tissue environment towards an 
oxidative state. Photochemical lesions in the retina as a result of laser damage develop 
within two to three days. The pathophysiology of photochemical damage could occur 
over a greater time scale depending on the reciprocity rule and may not be immediately 
evident.  Using an in vivo model for monitoring photochemical damage at the molecular 
level could be used to help establish light dosimetry in which the redox state changes 
towards oxidative damage. The purpose of chapter three is to validate the cis-EGPF-
NFKB transgenic mouse model for studies of light induced damage in vivo. The eventual 
goal is to use the mouse model to monitor low light exposure over time as well as 
ischemic injury.  
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NF-kB is a transcription factor and plays a key role during inflammation. Muller 
cell gliosis plays a critical role in inflammation and is the most sensitive nonspecific 
response to retinal injury. NF-kB has been pinpointed as inducing cell death via Muller 
cell induced excitotoxity
18
. A recent study study
19
 showed lutein reduced gliosis in the 
Muller cells of a murine model of ischemia/reperfusion model of injury.  Studies have 
suggested consumption of caretonoids
20
 may help to inhibit the formation of 
AMD
21,22,23,24
. Lutein and zeaxanthin are highly concentrated in the macular region and 
are responsible for the “yellowish” appearance to the central retina and have a dual role 
as an optical filter
25
 and antioxidant. The macular blue light “filter” absorbs between 390 
and 540 nm protecting the retina from photochemical light damage. As antioxidants, they 
suppress inflammatory molecules and quench reactive oxygen species (ROS) in the retina 
and cornea. The human body cannot produce lutein and zeaxanthin de novo therefore; 
these nutrients must be obtained from diet. Lutein and zeaxanthin have been investigated 
as a neuroprotector against choroidal neovascularization (CNV) and 
inflammation
26,27,28,29
 in the murine model. Izumi-Nagai et al. and Sasaki et al. have 
concentrated on using lutein as a therapeutic and preventive strategy to suppress neural 
damage by focusing on its antioxidant properties. Results show the potential for 
xanthophylls to be used as a countermeasure against retinal inflammation from thermal or 
photochemical damage. Cumulative exposure to repeated mild photic retinal injury from 
ambient day light conditions over the course of a lifetime is thought to be a contributing 
factor to RPE degeneration seen in AMD. Understanding the macular pigment 
chromophore distribution in relation to cumulative light damage over a lifetime could 
help researchers understand disease prevention. The goal of chapter 4 is the establishment 
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of measurement methods of the macular pigment spatial profile to relate to the foveal 
architecture. Future studies should establish the role of the MP distribution in relation to 
the spatial development of disease related pathology.   
Common to all the chapters are the use of high resolution multimodal retinal 
imaging to either detect light induced damage or to help explain physiological processes 
in relation to light damage. Limitations in ophthalmic instrumentation resolution may 
result in failure to detect subtle changes in retinal morphology and functioning. The 
research in presented here sought to use current state of the art retinal imaging modalities 
to provide complimentary information regarding regimes of light induced damage.  
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Chapter 2: High Resolution In Vivo Imaging of Regimes of Laser 
Damage to the Primate Retina  
2.1  ABSTRACT 
Purpose. To investigate fundamental mechanisms of regimes of laser induced damage to 
the retina and the morphological changes associated with the healing response.  
Methods. Varying grades of photothermal/chemical, photoacoustic, and photodisruptive 
retinal laser damage was produced in sixteen eyes of eight cynomolgus monkeys.  An 
integrated adaptive optics confocal scanning laser ophthalmoscope (AOcSLO) and 
spectral domain optical coherence tomgrapher (AO SD-OCT) were combined with a 
wide field line scanning laser ophthalmoscope (LSLO) to simultaneously collect 
complimentary in vivo images of laser damage concurrent with exposure and for re-
evaluation  up to ten days later. Baseline color fundus photography was performed for all 
subjects in addition to each follow up time point. The monkeys were perfused with 10% 
buffered formalin and eyes were enucleated and prepared for histological analysis.   
Results. Threshold energies for minimally visible retinal damage in this study were 
consistent with previously reported lesions produced with similar laser beam parameters.. 
Lesions were identified in high resolution OCT images that were not visible in direct 
ophthalmoscopic examination or color fundus photos. Unique diagnostic characteristics, 
specific to each regime of damage, were identified and are primarily associated with 
shape and localization of lesions to specific retinal layers. Previously undocumented 
retinal healing response to laser instult was recorded through a novel experimental 
methodology. Picosecond exposure induced lesion size was shown to be dose dependent.  
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Conclusion. This study revealed increased sensitivity of lesion detection and improved 
specificity to the laser of origin utilizing AO-SDOCT when compared to traditional 
ophthalmic imaging techniques in the primate retina. 
2.2 INTRODUCTION 
Rapid intervention and targeted treatment are projected to be the best course of care to 
minimize loss of visual function resulting from laser induced macular injuries. However, 
definitive diagnosis of laser injury can be elusive and the optimal treatment protocol for 
these injuries need to be tailored to the specific genesis of the lesions.  A continually 
expanding array of laser technology including inexpensive Class IV, blue-light lasers 
from venders such as WickedLasers.com capable of producing either photochemical or 
photothermal induced damage requires vigilant preparation to first prevent retinal injuries 
and then to effectively treat lesons. The first line of defense in the prevention of laser 
injury is education in the safe use of lasers.  For example, instructing patients to “never 
look into a laser beam” should perhaps become a routine part of an eye examination 
protocol. Furthermore, monitoring of the laser safety standards which set the maximum 
permissible exposure (MPE) with regard to potential new mechanisms of damage and 
adequacy of the data supporting the standard and subsequent manufacturer-prescribed use 
of appropriately identified laser eye protection (LEP) based upon these standards should 
be empahized. Unfortunately due to the exponentially expanding availability of high 
power sources, retinal injury resulting from laser exposure is very likely to increase for 
the foreseeable future.  Therefore, the ability to rapidly detect laser injury and to 
definitively identify the mechanistic nature of the insult will be vital to formulating the 
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most efficacious treatment strategies. The work presented here is intended to facilitate 
laser lesion detection and identification. 
The expanding array of laser technology requires continual assessment of laser 
safety standards and, consequently, a careful understanding of the diverse mechanisms of 
damage combined with appropriate evidence to supporting the standard. The ANSI 
standard sets the maximum permissible exposure (MPE) as the level of laser radiation to 
which an unprotected person may be exposed without adverse biological changes in the 
eye or skin
1
. The retina MPEs are determined experimentally from in vivo damage 
threshold studies
30,31,32
. Laser damage studies have traditionally used a direct-view 
funduscope ophthalmoscope to determine any visible changes in the retinal fundus 
following exposure. Fundus fluorescein angiography
33
, fundus autofluorescence
12
, 
electroretinograms
34
, and indocyanine green angiography
35
 have been used as 
complimentary methods to fundus photography for evaluating retinal laser damage. 
Limitations in ophthalmic instrumentation resolution may fail to detect subtle changes in 
retinal morphology and functioning. An AO retinal imaging study by Morgan et al. 
(2008) discovered permanent retinal damage from light exposure believed to be safe as 
defined by ANSI (ANSI 2007). 
Since the transition of adaptive optics (AO) technology from astronomy to 
ophthalmology almost 15 ten years ago, AO has made significant progress in the 
performance of ophthalmic instruments
36
. As AO systems are developed and refined for 
clinical operation, they will continue to improve the ability of the ophthalmologist to 
visualize diseased and damaged tissue and manage therapies. The high resolution retinal 
imaging achieved with spectral domain optical coherence tomography (SD-OCT) and AO 
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will continue to have several roles in the detection, treatment, and understanding of 
retinal diseases and laser injury. Commercially available high resolution retinal imagers 
such as SD-OCT have been used in studies of laser induced damage to the retina
35,37
 to 
evaluate long term safety and healing response of retinal laser treatments. A study by 
Kutigachi et al.
38
 used AO fundus camera to evaluate accidental laser exposure in two 
people.  In addition, SD-OCT has been used to relate laser dosimetry with the localization 
and extent of retinal injury
39,40
 and healing response
41
. To date, there has been no studies 
utilizing AO SD-OCT to evaluate laser injury to the retina or the healing response.   
In this study, the progression of photoacoustic, photodisruptive, and 
photothermal/photochemical laser exposure to the retina of the non-human primate 
(NHP) was documented using a combined AO confocal scanning laser ophthalmoscope 
(AOcSLO) and an AO SD-OCT integrated with a wide field line scanning laser 
ophthalmoscope (LSLO). Real time imaging of lesion development and characterization 
over time will enable better understanding of regimes (thermal, photochemical, and 
photoacoustic) of laser damage in the primate retina and observe the retinal changes and 
reorganization of the retina after laser exposure. The AO SD-OCT and AOcSLO provides 
researchers high resolution images of retinal layers to investigate laser damage in vivo 
and an opportunity to observe laser damage over multiple time points without the need 
for histopathology as a single end point for observation. 
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2.3 METHODS 
2.3.1 Primate Preparation 
Sixteen eyes of eight male cynomolgus (Macaca fascicularis) monkeys between 
the ages of 6-12 years (4.4-7.0 kg) were used for this experiment only. All subjects were 
used for in vivo imaging and histological study of laser exposure to the retina. Each 
subject was refracted by a certified ophthalmologist for study entry. All subjects prior to 
retinal imaging were restrained utilizing 2-6 mg/kg intramuscular (IM) injection of 
telazol.  Once restrained, two drops each of proparacaine HCl 0.5%, phenylephrine HCl 
2.5%, and tropicamide 1% were administered to both eyes.  Additional drops were 
administered throughout the procedure as needed to maintain a dilated pupil.  Once initial 
restraint was achieved with telazol, lactated Ringer’s solution (10-ml/kg per hour flow 
rate) and propofol were introduced with placement of intravenous (IV) catheters in the 
saphenous veins of the lower limbs.  An initial dose of propofol (5 - 12 mg/kg) was 
followed by a continuous maintenance dose of 0.2 – 1.0 mg/kg/min as required to 
maintain the desired plane of anesthesia. Prior to prone placement of the subject on a 5-
axis goniometric translation stage, the subject was intubated and a peribulbar injection of 
4% lidocaine was administered in the first eye to be imaged to reduce extraocular 
muscular movement.  Additional peribulbar injections were administered as required 
reducing extraocular movement prior to imaging. The subject’s temperature, oxygen 
saturation, and pulse were continuously monitored throughout the experimental protocol. 
Body temperature was maintained by the use of a temperature management unit (Bair 
Hugger, Arizant Healthcare Inc., Eden Prairie, MN) in conjunction with blankets. Prior to 
each imaging session, axial length was used to scale images and was measured five times 
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(PalmScan AP200, Mico Medical Devices) in both eyes of each subject.  In addition, 
color fundus photography was performed to provide direct comparison to baseline color 
photos. Primate’s eyelids were held open with a wire lid speculum for each imaging 
session and a hard permeable contact lens was used to prevent corneal drying.  All 
experimental procedures were approved by the Brooks City Base Institutional Animal 
Care and Use Committee and conformed to all United States Department of Agriculture 
(USDA), National Institutes of Health (NIH) guidelines, and the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research. 
2.3.2 Histological Preparation and Light Microscopy 
Monkeys were anesthetized and transcardially perfused with a fixative solution 
(pH 7.4) consisting of 10% formalin and 2% paraformaldehyde in 0.1 M sodium 
phosphate buffer. Each animal was first brought down to a surgical level of anesthesia 
with a combination of IM ketamine (10 mg/kg) and xylazine (0.5 mg/kg). Pentobarbital 
sodium (10 mg/kg) was given first for surgical anesthesia and then an IV overdose was 
administered. After each perfusion was complete, all eyes were enucleated and 
immediately were fixed in 10% neutral buffered formalin.  A 360° incision was made at 
the ora serrata and the anterior eye structures were removed from the posterior eye cup. A 
notch suture was placed in the nasal sclera before enucleation to maintain proper 
orientation. After fixation the caudal retina including the optic nerve, fovea, and injury 
sites were prepared as a flat-mount in paraffin blocks. Five to seven µm serial sections of 
the retina were placed on positively charged glass slides and stained with hematoxalin 
and eosin stain on an automated stainer. Sections were evaluated by a board certified 
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veterinary pathologist.  Images were taken at 400X with an Olympus DP72 camera 
attached to an Olympus BX51 microscope 
2.3.3 Laser Exposure 
Three types of laser exposure parameters were delivered to the retina to examine 
photoacoustic, photodisruptive, and photothermal/photochemical light interactions. The 
summary of laser exposure parameters and subjects are summarized in table 2.1 and 2.2, 
respectively. The insult beam was co-aligned with the cSLO and AO SD-OCT (in front 
of the DMs) for real-time imaging for most of the experiments (exceptions indicated by 
asterisks). Up to 25 lesions were administered to each retina.   All laser exposure energies 
were measured at the cornea with the exception of experiment 2.  
Table 2-1: Summary of exposure parameters.  
Experiment Wavelength (nm) Exposure Duration Spot Size at Cornea (mm) 
1 413 20 s 3 
2 555 2 µs 5 
3 532 40 ps 3 
 
 
Table 2-2: Summary of imaging schedule for experiments 1-3 as well subject age.   
Subject Age Experiment Eye Imaging Schedule 
29171 4 1 OS 1 HR 6 D 
29171 4 1 OD 1 HR 7 D 
29190 4 1 OS 1 HR 2 D 
29190 4 1 OD 1 HR 24 HR 3 D 
87202 5 2 OD 1 HR 24 HR  
87202 5  2* OS 1 HR 24 HR 10D 
29175 4 2 OS 1 HR 6 D 
29175 4 2 OD 1 HR 24 HR 7 D 
29192 5 2 OS 1 HR 48 HR 
29192 5 2 OD 1 HR 24 HR  3 D 
29191 4 2 OS 1 HR 9 D 
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29191 4 2 OD 1 HR 24 HR 10 D 
100310 11 3 OS 1 HR 48 HR 
100310 11 3 OD 1 HR 24 HR 3 D 
100700 5 3 OS 1 HR 6 D 
100700 5 3 OD 1 HR 24 HR 7 D 
 
2.3.4 Experiment 1: Photoacoustic Regime  
Five eyes from three primates were exposed to single and multiple pulse 555 nm 
(Candela LFDL-8) 2 µs exposures to the macular region with a retinal spot size of either 
156 µm (n=3) or 52 µm (n=2).  Retina test sites received laser exposures for energies 
ranging from 1.5-147.3 µJ (24.5-2463 mJ/cm
2
).  Follow up imaging sessions included 1-
hour, 1-3 days, and 6-7 days post exposure.   
2.3.5 Experiment 2: Photochemical/Photothermal Regime 
Seven eyes from four primates were exposed to collimated 413 nm (3 mm beam 
at cornea) Krypton ion laser (Coherent Sabre) for 20 seconds in the macular region to 
investigate photochemical/photothermal interactions. Corneal irradiance exposure 
energies ranged from 3.5-770 µJ (50-10,898 mJ/cm
2
).  Follow up imaging session 
included 1 hour, 1-3 days, 6-7 days, and 9-10 days post exposure.  
2.3.6 Experiment 3: Photomechanical Regime 
The source for the 532 nm, 40 ps exposures was a Nd:YAG regenerative amplifier 
(Spectra Physics GCR-3RA).  The beam was directed through a half wave plate and 
polarizing beam splitter cube combination to control the energy delivered to the subject. 
The beam was then directed through a periscope into the combined imager and directed 
through the imager free space optics to the subject. A beam splitter was used to reflect 
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part of the beam to a reference energy meter to determine the ratio of the output beam 
energy to the energy delivered to the subject. The beam was passed through a safety 
shutter, and co-aligned with the AO-cLSO beam with a 532-nm dichroic mirror (Figure 
2.1). Retina test sites received laser exposures for energies ranging from 0.03 µJ to 8.34 
µJ delivered to the cornea (3 mm beam size). Follow up imaging session included 1 hour, 
1-3 days, and 6-7 days post exposure.  
 
Figure 2.1 Exposure Laser Setup and beam introduction into imaging system. 
2.3.7 AO SD-OCT/cSLO Integration 
An adaptive optics (AO) spectral domain optical coherence tomographer (AO SD-
OCT) and confocal scanning laser ophthalmoscope (AO cSLO) (IRIS AO, Berkley CA) 
were combined with a wide field line scanning laser ophthalmoscope (LSLO) to 
simultaneously collect complimentary in vivo images of the primate retina with high 
resolution (Figure 1). The OCT and SLO do not have any common optics other than the 
combining beam splitters, therefore, each image plane is collected independently of each 
other but are recorded simultaneously. The AO SD-OCT
12
 and LSLO
13
 has been 
previously described, therefore we describe only the AOcSLO and the integrated setup. 
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Briefly, the AO SD-OCT portion of the integrated setup provides high-speed (15 
frames/sec), aberration-corrected, cross-sectional scans of the retina. Included in the 
system is a line scanning laser ophthalmoscope that provides a 30º field of view (FOV) of 
the retina which can be used to facilitate the alignment of the OCT beam on the retina. 
The AO component of the SD-OCT uses a Hartmann-Shack wavefront sensor (HS-WS) 
and a deformable mirror (DM; Boston Micromachines Inc.,Watertown, MA) with 141 
actuators and 4 µm stroke. The OCT source is a superluminescent diode (855 nm, Δλ=98 
nm) which also serves as the wavefront sensor beacon with an average output power of 
1.5 mW and a theoretical axial and transverse resolution of 4 µm and ~10 µm, 
respectively.  
The AOcSLO system (Figure 2.2) consists of an imaging laser (635 nm), an AO 
system (a Shack-Hartmann wavefront sensor [Adaptive Optics Associates Inc., 
Cambridge MA], a deformable mirror [42 actuators MEMS; IRIS AO, Berkley CA]) and 
a scanning system that can be set to either a 1° or 2° FOV, and a detector. The original 
design of the AO cSLO was modified for integration with the SD-OCT as a 
complimentary imaging modality for the observation of laser induced changes to the 
retina. The wide field and pupil imaging arm were removed from the original design 
because of the wide field redundancy of the smaller footprint LSLO. A more compact 
and flexible mini digital camera recorder was placed within view of the pupil for beam 
alignment. The AO cSLO system consists of a series of focal telescopes that relay the 
7mm pupil to the optical conjugate planes at the galvanometric scanner (GS), the 
resonant scanner (RS), the deformable mirror (DM), and the wavefront sensor (WS). The 
pupil is de-magnified to 3.3 mm at the plane of the DM and WS. The horizontal raster 
 20 
scanner (RS) frequency is 16 kHz while the frame rate of 30 Hz is set by the vertical 
scanner (GS) enabling 512 x 512 images of the retina. The SLO beam is input into the 
system through a beam splitter and is reflected off the DM, scanners, and spherical 
mirrors into the eye. The reflected light follows the same reverse path through the system 
and onto the WFS and PMT (Hamamatsu  H7422-40). 
The power of the LSLO beam at the cornea was <800 µW, less than the ANSI 
limits for this wavelength (735 nm) and field size (30° square scan). The cSLO power 
was <500 µW and the OCT power at the cornea was <1.5mW.  
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Figure 2.2 AO cSLO setup (top). The system images the retina with a 1° or 2° enface view of the 
retina focused at the photoreceptor layer. (bottom) Combined AO cSLO and AO SD-OCT imaging system 
with wide field line scanning laser ophthalmoscope for collecting complimentary high resolution images of 
retinal cross-sections and enface field of view. 
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2.3.8 Retinal Imaging-Spectral Domain Optical Coherence Tomography and AO 
cSLO 
The subject’s pupil was aligned to the instrument using the goniometric stage and 
pupil camera. Once aligned, the retinal features and location of the OCT and cSLO probe 
beam were identified from the LSLO image. Trial lenses were placed at a pupil conjugate 
in front of the DM of both AO systems to remove lower order defocus and astigmatism. 
OCT defocus was removed with the focus adjustment (± 5 Diopters) by observing OCT 
signal intensity and WS spots. Both AO systems were used to simultaneously capture 
image sequences of the retinal area during laser exposure (Figure 1). Experiments not 
captured during laser irradiation simultaneously are denoted by an asterisk in Table 1 for 
most of the laser exposure experiments of the exposed area before, during, and 
immediately following laser exposure.   
OCT B-scans and cSLO images were collected with and without adaptive optics 
correction.  A line and/or raster scan configuration was used to record OCT B-scans prior 
to and following laser exposure. Line scans were collected up to a 5.5˚ scan length on the 
retina and consisted of 1024 A-scans individually acquired in either the x or y dimension 
of the retinal plane. Up to 400 B-scan frames were recorded to ensure capture of the 
longer 413 nm 20 second exposures. Raster scans are multiple line scans swept through 
the x and y direction to create volumetric retinal maps and were sized as either 2˚ x 5.5˚ 
or 2˚ x 2˚ of retinal area with a B-scan density of 256 or 512. The cSLO frames were 
recorded in 2° or 1° FOV and collected for duration of 10 or 20 seconds. Images of the 
macular region prior to laser exposure were collected using a 2° FOV for the cSLO and a 
raster scan configuration for OCT. The cSLO images were collected without adaptive 
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optics as the primate’s retinal position was moved relative to the cSLO using the 
goniometric stage for future construction of retinal montages.  
AO correction was enabled for image sequences captured during laser exposure.  
Post-exposure images for both AO systems were identical to the sequences collected 
during exposure except for the inclusion of a high density OCT raster scan following 
every 5 exposures (1 mm, 256 pixels). B-scan frames for the entire experiment were 
flattened to the retinal pigment epithelial (RPE) prior to frame averaging or en face 
presentation. 
2.3.9 Lesion Identification and Measurement 
 Three examiners evaluated all eyes for each visit following exposure. Visible 
lesions at a given exposure site were reported to be present only if two or more examiners 
identified a lesion in color fundus photos. Lesion identification in OCT C-scans and SLO 
retinal montages of the lesion field with a signal to ratio greater than 10 dB for 
comparison with color fundus photos was performed by a single person. To monitor the 
spatial rearrangement and disruption of the retina from photomechanical effects, three 
observers viewed SLO image movies of subjects receiving exposures. Two observers had 
to agree “disruption” or alteration of the retinal area could be observed before it was 
noted as an event.  
 Volumetric OCT images of the macular region were imported into Avizo 6.3 
(Visualization Sciences Group, Burlington, MA) for measurement of lesion width and 
area. The lateral scale of retinal cubes was set using respective subject axial length. 
Lesions were characterized as regions of hyper- or hypo-reflectivity with or without 
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visible disruption to the retinal layers in comparison to undisturbed regions. Lesion 
widths were manually measured as the furthest extent of damage in either the RPE or 
photoreceptor layer. Lesion areas were selected using a “seed” grayscale pixel value 
within the hyper- or hypo-reflective areas associated with injury. A manually adjusted 
grayscale threshold range based on the grayscale “seed” value was used to select hypo-
reflective area. Multiple measures of lesion were averaged for each observation time 
point after exposure. In addition, retinal sites receiving multiple exposures of the same 
laser irradiance were grouped and averaged. Lesion widths measured from cSLO scans 
were collected from multiple scans of the retinal area.  
2.3.10 Statistics 
 The number of visible lesions was determined after 1 hour and 24 hours post-
exposure, and a probit analysis was performed for the dosage, causing 50% probability 
for damage ED50 as well as the 95% fiducial intervals for ED50. A two sample test of 
proportions was used to compare AO SD-OCT and color fundus photos as an endpoint 
for identifying retinal damage following laser exposure. Paired t-tests were used to 
compare damage width in the RPE and photoreceptor layers for the same lesion. 
2.4 RESULTS 
2.4.1 Photoacoustic Damage: Experiment 1 
No lesions were detected below the ANSI MPE limit of 500 µJ/cm
2
 for the 
respective laser parameters. All subjects were re-evaluated at the 24 hour observation 
point except subject 29171 OS which was followed up 6 days later. Lesions that were 
visible in color fundus photos persisted for all follow on imaging sessions and color 
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fundus photography. Most of the lesions appeared as a pale gray to whitish appearance 
and transition to the former with increasing energy. Lesions detected in available OCT 
and SLO images were always observed in color fundus photos. Exposures which did not 
result in visible lesions in color fundus photos within the first hour did not develop into 
lesions at any later time point. This is in contrast to thermal and photochemical exposures 
which can take greater than an hour and up to 2-3 days to develop.   
The energy required to create damage for the larger of the two retinal spot sizes 
(156 µm) required approximately four to seven times greater energy than exposures at the 
smaller spot size (52 µm). The range of retinal irradiances producing immediate 
reflectance changes or visible disruption in either OCT or SLO images was greater for the 
52 µm retinal spot size (987.2-3627.4 mJ/cm
2
) than
 
for the 156 µm retinal spot size 
(619.2-1,362.4 mJ/cm
2
). 
Real time in vivo imaging of higher energy microsecond exposures revealed 
disruptive events likely associated with microcavitation. The SLO frame rate of 33 
ms/frame is too long to record any possible microbubble formation but can only monitor 
the spatial rearrangement of the retina following exposure. The measured ED50 for 
visible rearrangement and disruption to a subject receiving 50 exposures (156 µm spot 
size) in both eyes ranging from 8.11-149 µJ (72-1318 mJ/cm
2
) was 826 mJ/cm
2
 (slope of 
8.2) (Figure 2.3). This was the only subject in which the distribution of energies was 
enough of a range to generate an ED50 for visible disruption. Visible retinal 
rearrangement did not coincide with the appearance of an MVL in color fundus photos in 
10 instances (false negatives).  There were no instances in which a disruptive event was 
observed and did not result in the formation of an MVL (false positive). 
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Figure 2.3 Identification of 2 µs laser damage (one subject- OD and OS) from color fundus photos (red 
x’s) in comparison to visible disruption viewed in AO cSLO images (black lines) collected during laser 
exposure. The ED50 of visible disruption data from both eyes was 827 mJ/cm
2
.  
A single OCT B-scan of the retina proceeding and following an “explosive” 
photoacoustic event (1,318 mJ/cm
2
) observed in the retina of subject 29190 is shown in 
Figure 2.4. The afflicted area appears to “implode” and then “relax”. The complimentary 
SLO enface view of the same exposed retinal area just before exposure is shown in 
Figure 2.4E. There is an increase in reflectance (negative image) of the exposed area just 
after exposure (Figure 2.4D). The “explosive” exposure in Figure 2.4 was the only one 
observed in the retina of subject 29190 OD. Color fundus photos one hour following 
exposures (Figure 2.5A) show a marked increase in reflection of the “explosive” 
exposure (red arrows) when compared to other lesions.  
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Figure 2.4 Photodisruptive events observed (149 µJ at cornea) for subject 29190 OD using AO SD-
OCT and cSLO (Figure A-C) Single OCT B-scans of photoacoustic laser damage just before (A) during 
(B) during (C) and just after exposure to 555 nm 2 us exposure. Complimentary cSLO image of same 
lesion exposure just before (E) and just after laser exposure (F).   OCT cale bar: 100 µm (x-axis). AO cSLO 
scale bar (50 µm). 
 
Figure 2.5 Color fundus photos of subject 29190 OD 1 hour (A) and 24 hours (B) after receiving 555 
nm 2 µs laser exposures to the macular region. Red arrow denotes photoacoustic exposure displayed in 
figure 3. MP show the multiple pulse exposures demonstrated in figure 2.6.  
F 
C B A 
E 
MP 
A B 
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Figure 2.6 Formation of a lesion in the retina of subject 87202 just after a high energy (870 mJ/cm2). 
OCT B-scans of photoacoustic exposure just before (A), immediately after (B), and minutes later (C). The 
lesion became more reflective in the minutes following exposure and is likely associated with edema.    
Immediately following the higher energy 156 µm spot size exposures, there are 
slight disturbances to the RPE with increased reflectivity of the outer nuclear layer 
(ONL) directly above the exposure site (Figure 2.6B). Within approximately 10 minutes 
(Figure 2.6C), the region surrounding the RPE up to the connecting cilia of the 
photoreceptors appears to swell accompanied by an increase in hyper-reflectivity 
extending from the RPE into the outer nuclear layer (ONL). Figure 2.6 shows cross-
sectional images of the formation of a lesion (870 mJ/cm
2
) in the retina directly before, 
immediately after, and minutes following laser exposure. SLO enface images which did 
not exhibit “disruptive” events reveal an immediate darkening of the exposure area. 
Lower energy exposures (< 619.2 mJ/cm
2
) appeared as a mild increase in 
reflectance of the RPE and ONL in OCT cross-sections and appeared within the hour. 
The 56 µm retinal spot size exposures occupy a smaller damage footprint compared to 
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the 156 µm spot size exposures (data not shown). “Disruptive” events were not observed 
for smaller spot size exposures in OCT B-scans or SLO images. Exposures which did not 
produce MVLs in color fundus photos also did not produce immediate visible changes in 
either OCT or SLO images.  
OCT B-scans of multiple pulse exposures (874 mJ/cm
2
) in subject 29190 OD are 
shown in Figure 2.7A and 2.7B at the one- and 72-hour follow up, respectively. The color 
fundus photo of the exposure is shown in Figure 5 designated by the letters MP. The 
damage becomes more pronounced over the 72-hour period as the exposed damage area 
grows into the outer plexiform layer (OPL) and into the adjacent exposure sites. Figure 
2.7C is an enface view of the retina photoreceptor layer of subject 87202 OD after 
receiving a multiple pulse exposure (50 µJ). 
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Figure 2.7 Figures (A) and (B) are OCT B-scans of a multiple pulse exposure (98.8 µJ) to the retina of 
subject 29190 OD at the one and seventy two hour follow up, respectively. Figure (C) is an enface view of 
the retina photoreceptor layer of subject 87202 OD after receiving a multiple pulse exposure (50 µJ). Scale 
bar OCT (x-axis 100 um). 
A 
B 
C 
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2.4.2 Photomechanical Damage: Experiment 2  
The energy range of 532 nm 40 ps exposures was 0.028 to 6.8 µJ (0.39-94,767 
nJ/cm
2
 at the cornea). Retinal damage immediately visible in AO cSLO images occurred 
for energies of 0.63 µJ (8,910 nJ/cm
2
) and greater. The damage appearance ranged from 
barely visible retinal disruption sometimes accompanied with reflectance changes to a 
distinguished “explosive” event. As exposure energy increased, so did the visibility of the 
disruptive events. Lesion appearance in color fundus photos ranged from pale gray to 
white increasing in reflectivity and size as energy was increased for each exposure.  
None of the exposures (0.3-1 µJ) in the OS eye of 100770 became visible in any 
of the retinal images collected. Low energy exposures (0.3-0.9 µJ) (n=14) in the OD of 
the same subject captured in real time using cSLO showed either barely visible 
“disruptive” events or none at all. Retinal exposure sites did not manifest as MVLs and 
were not visible in either OCT or SLO images despite the observance of disruptive events 
at 1-hour. Within a 24-hour period, all of the exposures became visible in color fundus 
photos.   
AO cSLO movies of moderate energy exposures (1-2.0 µJ) show immediate non-
uniform increases in reflectance with or without the appearance of a donut like “hole” in 
the lesion center. At 1-hour, the lesion area is a definite hyper-reflective region sized 
approximately 60-120 µm in width with a hypo-reflective center. OCT cross-sections 
reveal a punctate increase in hyper-reflectance extending from the RPE to the ONL. 
Lesion widths measured from OCT en face images of the photoreceptor inner segments 
ranged from approximately 20-40 µm.  Cross-sections also reveal a wispy hyper-
reflective “threading” emanating from some of the lesion sites closest to the fovea. The 
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“threading” develops within the hour following the exposure and reaches from the 
external limiting membrane into the outer plexiform layer and sometimes the inner retina. 
Figure 2.8 A-C are OCT B-scans of the damage immediately following, 24-hours, and 7 
days after delivery of a moderate energy exposure (1.4 µJ), respectively. Within the 
minutes following exposure, there is an increase in reflectance that extends from the RPE 
to the OPL and appears to attach to a blood vessel (Fig. 2.8A). The damage to the RPE 
layer becomes more hyper-reflective and distinguishable over a 24-hour period (Fig. 
2.8B). A week later (Fig. 2.8C), the photoreceptor layer protrudes slightly at the exposure 
site and is less reflective in comparison to 24-hour follow up. 
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Figure 2.8 OCT B-scans of the retina of subject 100770 OD (A) 1 HR, (B) 24 hours, and (C) 7 days 
following moderate (1.4 µJ) 532 nm 40 ps exposure. Arrow in figure A show hyper-reflective “threading” 
extending from the lesion site up to a blood vessel. White arrows (B and C) denote lesion site. 
High energy exposures (> 2.0 µJ) were more readily identifiable at the 1-hour 
observation points in OCT and cSLO images. Inner retinal hemorrhaging occurred for 
three exposures (2.4 and 6.8 µJ). “Explosive” photomechanical disruptions were 
restricted to exposures of 3.68 µJ or greater.  Figure 9 demonstrates cSLO images of 3.6 
(Figs. 2.9A-C) and 3.8 µJ (Figs. 2.9D-G) exposures which produced “explosive” 
disruption. The complimentary cross-sectional view of the 3.8 µJ is shown in Figure 2.9 
H. OCT B-scans collected within an hour of higher energy exposures show most of the 
A 
B C 
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damage was confined to the outer retina and extended further into the ONL compared to 
moderate energy exposures.  
 
 
 
 
 
 
 
 
 
Figure 2.9 cSLO images of enface view of photoreceptor layer in subject 100770 OD (A) immediately 
before (B) just after (C) and 5 seconds after receiving high energy exposure (3.6 µJ at the cornea) to the 
retina. (D) Retina just before exposure, (E) immediately after (F) second later (G) and 8 seconds following 
high energy exposure (3.8 µJ) to the retina. (H) Complimentary OCT cross-section of lesion number 10 
immediately following exposure.  
C B A 
G E F D 
H 
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Lesion area increased in proportion to power, as observed from OCT and cSLO 
area and lesion width measurements (Figs. 2.10-12).  Low energy exposures (0.03-1.02 
μJ) for subject 100770 OS were not observed in color fundus photos at 1 or 24 hours (out 
of focus) but were distinguishable in cSLO images at 1 hour. The entire damage zone 
surrounding the lesion center is more distinguishable in cSLO images at the 1-hour 
observation time point in comparison to OCT enface and cross-sections. As a result, 
lesion width measurements extracted from cSLO images were greater than OCT width 
measurements at 1-hour but closely matched OCT width measurements at 24-hours (Fig. 
2.12). The lesion area measured from OCT en face images at the 24-hour follow up 
suggest the lesions increase in size from 29-50% (Figure 2.10). In all likelihood, the 
lesion area does not actually “grow” but rather becomes more pronounced in the 24 hour 
period. Lesion area decreased by 2-41% in the week following exposure (Figure 2.10). 
Figure 2.13 demonstrates the trend in an OCT cross-sectional scan of lesions produced by 
2.1 µJ, 1.0 µJ, and 0.6 µJ of energy delivered to the cornea. OCT B-scans at the 1- and 
24-hour follow up show the lesion base at the RPE grows wider with increasing energy. 
There were not any significant difference in lesion detection between color fundus 
photos, SLO, and OCT images (Table 2.3) in OD and OS of subject 100770. The healing 
response to picosecond exposure is shown in Figure 2.14. 
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Figure 2.10 Picosecond lesions area grew (measured using OCT) in size proportional to with increasing 
energy measured at the cornea for subject 100770 OD (1-5 μJ). 
 
Figure 2.11 Picosecond lesion width grew (measured using OCT) in size proportional to with increasing 
energy measured at the cornea for subject 100770 OD (1-5 μJ). 
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Figure 2.12 Picosecond lesions grew in size proportional to with increasing energy measured at the 
cornea for subject 100770 OD (1-5 μJ).  Low energy exposures (0.03-1.02 μJ) for subject 100770 OS were 
not observed in color fundus photos but were distinguishable in cSLO images. 
 
 
Figure 2.13 Subject 100770 OD OCT B-scans of (A) 2.1 µJ, (B) 1.0 µJ, and (C) 0.6 µJ 532 nm 40 ps 
exposures. 
 
C 
A B C 
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Figure 2.14 The healing response to picosecond exposure an hour later.  
 
Method of 
Evaluation Eye 
Time 
Point z P  
CF vs. OCT OD 1 HR 0.87 0.38 
CF vs. SLO OS 1 HR 0.29 0.77 
SLO vs. OCT OS 1 HR -0.58 0.57 
Table 2-3: A two sample test of proportions to compare lesion detection between color fundus 
photos (CF), OCT, and SLO images.  
2.4.3 Photothermal/Photochemical Damage: Experiment 3 
413 nm exposure lesions which did appear in color fundus photos had a pale 
appearance compared to uninjured tissue which was maintained through all observation 
time points. This is contrast to the pale white appearance from photomechanical damage. 
For all subjects receiving 413 nm exposures, retinal changes observed using SD-OCT 
associated with laser exposure occurred despite not being positively identified as MVLs 
in color fundus photos. Of the total 173 lesions, there was a 46% improvement in lesions 
detected using OCT enface images (n=93) versus color fundus photos (n=43) 1-hour post 
exposure. As an example, of the 25 retinal sites receiving 413 nm exposures ranging from 
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0.6-7 mW (0.18-2 mJ/cm
2
), 24% (seven out of 25) qualified as MVLs in color fundus 
photo taken 1-hour later (Fig. 2.15B) even though hyper-reflective spots coincident with 
exposure locations can be seen in the OCT enface view (Fig. 14A). OCT C-scans of the 
same lesion field at the layer of the photoreceptor inner segments reveal 88% (22 out of 
25) of the exposed regions are inhomogeneously hyper-reflective. 
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Figure 2.15 (A) OCT enface image of 413 nm 20 exposures (0.18-2 mJ/cm2) to subject 29191 OD 1 
hour following exposure. (B) Color fundus image of same subject 1 hour after exposure. Note improved 
resolution of lesion appearance in enface image. (C) Color fundus image of same subject 10 days after 
exposure. 
Complimentary cSLO images show uniform hyper-reflective spots associated 
with injury not identified as MVLs but not with the level of detail provided by SD-OCT 
(Figure 2.16). Ten days later, 56% of the lesions were identified as MVLs in color fundus 
photos (Figure 2.15C) compared to 80% identified using OCT raster scans. Table 2.4 
B 
A 
L6 C 
L5 
L1 
L5 
L1 
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below summarizes the results of a two sample test of proportions to compare AO SD-
OCT and color fundus photos as an endpoint for identifying retinal damage following 
laser exposure. 
 
 
Figure 2.16 cSLO image montage of 413 nm 20 exposures (0.18-2 mJ/cm2) to subject 
29191 OD 1 hour following exposure.   
 
 
 
L5 
L1 
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Subject Eye 
Time 
Point 
Energy Range 
(mJ) z P  
29175 OS 1 HR 6-103 -4.4 0.00001 
29175 OS 6 D   NA NA 
29192 OS 1 HR 5-79 -3.53 0.0004 
29192 OS 48 HR   -1.17 0.24 
29192 OD 1 HR 4-92 NA NA 
29192 OD 24 HR 
 
-2.1 0.04 
29191 OD 1 HR 14-144 -3.14 0.002 
29191 OD 24 HR 
 
-0.47 0.63 
29191 OD 9 D   1.78 0.07 
29191 OS 1 HR 13-100 -2.55 0.01 
29191 OS 9 D    -1.81 0.06 
87202 OS 1 HR 22-39 -2.48 0.01 
Table 2.4. A two sample test of proportions to compare lesion detection between color fundus 
photos and OCT enface images.  
OCT B-scans and cSLO images collected during 413 nm, 20 second exposures 
did not reveal any immediate changes to the retina during laser irradiation. Exposures 
greater than 13.4 mJ (190 mJ/cm
2
 at the cornea) produced hyper-reflective changes to the 
photoreceptor inner segments, RPE, and inner retinal layers in OCT B-scans collected 
within 1-hour following exposure. Figure 2.17 shows the results of three retinal locations 
exposed to 40 mJ (566 mJ/cm
2
) at the cornea labeled as lesions 11, 12, and 13.  OCT B-
scans collected within minutes of the initial exposure (Fig. 2.17A) reveal a hyper-
reflective “clumping” in the photoreceptor inner segment layer. Directly below the 
“engorged” photoreceptors, the RPE layer shows a modest increase in reflectance with a 
“granular” appearance. A wispy “threading” (white arrows in Fig. 2.17A) at the boundary 
of the inner nuclear layer (INL) and outer plexiform layer (OPL) for lesions 11 and 12 is 
present.  Lesions 11 and 12 were not positively identified as MVLs in color fundus 
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photos at the 1-hour observation point (Fig. 2.18A). At the 24-hour observation point, all 
three exposure sites were positively identified as MVLs (Fig. 2.18B).  OCT B-scans of 
the same lesions 24-hours later (Figure 2.17B) show the damage surrounding the RPE 
and photoreceptors becomes more distinguishable. The “threading” increases in size and 
becomes much more hyper-reflective. An increased reflectance of the inner retinal layers 
directly above the lesion site suggests an edematous reaction. Nine days later, (figure 
2.17C) the damage appears more homogenous and extends from its base at the RPE into 
the connecting cilia of the photoreceptors. The “threading” which appeared at 24-hours is 
no longer visible. Another example of “threading” 1- and 24- hours after exposure to 21-
100 mJ (283-1415 mJ/cm
2
) is shown in Figure 2.19.  
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Figure 2.17 OCT line scan of a marker lesion (M) and lesions 11-13 to the macular region of subject 
29191 OD (A) a few minutes following exposure, (B) 24 hour later, and (C) 10 days later. Lesions 11 and 
12 were not detectable in color fundus photos at the one hour time point but were identified at the 24 hour 
time point.  
A 
B 
C 
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Figure 2.18 Color fundus photo of subject 29191 OD 1 hour (A) and 24 hours (B) following 413 nm 20 
second laser exposure. Lesions 11-13 are denoted by their respective number with the a marker lesion 
denoted by an (M).  
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Figure 2.19 Subject 29191 OS OCT B-scans 1(A) and 24(B) hours after exposure to 413 nm 20 second 
exposures. From left to right, 5, 2 and 1 µJ were used to create lesions 3, 8, and 13, respectively.   
Figure 2.20 shows an OCT retinal cross-section of a 144 mJ (2038 mJ/cm
2
) 
exposure 1-hour later with complimentary en face views. The damage extends full 
thickness but does not have a uniform appearance as it extends from the retinal ganglion 
cell (RGC) layer into the RPE. The photoreceptor inner segments (Fig. 2.20F) reveal a 
hyper-reflective “speckled” appearance in contrast to the homogenous whitening from the 
A 
B 
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RGC layer through the INL. The hyper-reflective “threading” is most visible in the OPL 
layer (Fig. 2.20E) and extends from the ends of the damaged photoreceptor inner 
segments into the OPL (white arrows Fig. 2.20D). The lesion in its respective color 
fundus photo is shown in Figure 2.21. Figure 2.22 portrays histological sections of the 
same lesion nine days following exposure. A retinal flat mount was cut serially in a plane 
parallel to the retinal layers to compliment OCT en face raster images. The choroid (Fig. 
2.22A) exhibits loss of pigment as well as low numbers of macrophages, lymphocytes, 
and plasma cells. There is disruption of the outer segments of the photoreceptors and 
pigment laden macrophages (Fig. 2.22B). Figure 2.22 C and D both show the junction of 
inner and outer segment of photoreceptors with minimal disruption of photoreceptors and 
two small pigment laden macrophages. The inner segment of photoreceptors with 
minimal disruption of photoreceptors (linear defect is an artifact) is shown in Figure 
2.22E. The final frame (Fig. 2.22F) is the junction of inner segment and outer nuclear 
layer with no detectable defect.  
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Figure 2.20 Enface Fly through of retina after receiving 413 nm 20 second exposure 1 hour later (A-G, 
I) and 9 days (H). The layer cross-sections labeled in (A) are shown enface in (B-I).  
  
Figure 2.21 Color fundus image of  29191 OD 24 hours after 413 nm exposure. Lesion identified in 
figure 18 and 20 is indicated by the white arrow. 
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Figure 2.22 Subject 29191 OD histological sections of a flat mount retina ten days post exposure of 
lesion 3 (0.72 µJ at the cornea). (A) choroid (B) outer segment of photoreceptors (C-D) junction of inner 
and outer segment of photoreceptors (E) inner segment of photoreceptors (F) junction of inner segment and 
outer nuclear layer.  
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Lesions not identified in either the 1- or 24- color fundus photos but did manifest 
at the 72-hour observation point for the energy range 0.95-4.64 mW (0.27-1.3 mJ/cm
2
).  
OCT and cSLO scans captured during exposure and 1-hour post exposure did not present 
any changes in retinal structure or reflectance. Raster scans collected 24-hours later did 
reveal 10-15 µm round hyper-reflective structures within the outer nuclear layer closest 
to the fovea with appearance of “threading” extending from “round body” like structures 
(Fig. 2.23). No changes were seen in cSLO images.  
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Figure 2.23  (A-B) Projection view of OCT cross-sections of 413 nm exposures (24 hours) not visible in 
color fundus photos at the 1 hour or 24 hour time point. Lesions eventually became visible in color fundus 
photos 3 days later. Note the hyper-reflective regions and threading present (arrows).  
Minimal or no damage was visible to the RPE of OCT C-scans collected at the 1-
hr observation point for exposure energies less than 2.1 mW (at the cornea), therefore 
lesion width measurements were collected at the photoreceptor layer for the first hour 
(Figure 2.24). The minimum amount of energy to produce visible changes to the 
photoreceptors was 0.7 mW (at the cornea). Over the course of 24-hours, the damage 
zone of the photoreceptor layer significantly increased in size (p=0.02) for one subject. 
This was the only subject in which damage was well defined to make lesion 
measurements. Damage at the 1-hour time point for the remaining subjects were not 
clearly demarcated or did not have a 24-hour follow on imaging session. The differences 
 52 
in lesion size between the photoreceptor layer and RPE for a single subject was 
significantly different (p=0.02) (Figure 2.25). The lesions were followed up to a 
maximum of nine days following exposure for one subject receiving 20-100 mJ 
exposures at the cornea. The difference in lesion size between 1-hour and 9 days was not 
significantly different (p=0.15).  Overall, the lesions decreased in size beyond the 48 hour 
observation period.  
 
 
Figure 2.24 Lesion width of 413 nm 20 sec exposures from one subject. Lesions with the same exposure 
energy were grouped together and averaged. The lesion area grew over the 24 hour period. 
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Figure 2.25 Lesion width of 413 nm 20 sec exposures from one subject at the RPE and photoreceptor 
layer. Lesions with the same exposure energy were grouped together and averaged. 
2.5 DISCUSSION 
The introduction of high resolution retinal imaging into light damage studies has 
enabled greater detection of the effects of laser light exposure compared to traditional 
methods employed in past studies of laser damage thresholds. Progress in understanding 
the mechanism for laser interaction with retinal tissue is driven both by advances in 
ophthalmic laser therapy and by the need to establish mechanistic underpinning for laser 
eye safety standards. For the first time to our knowledge, we have been able to view the 
immediate effects of photomechanical disruption to the retina using high resolution 
retinal imaging.  
The number of subjects and energy distribution of microsecond exposures 
between two spot sizes did not allow probit analysis for determination of ED50. 
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Therefore, the data presented within this study is a pilot study using high resolution 
imaging to study laser-tissue interactions in vivo. Short pulse laser exposure can damage 
the retina via photomechanical mechanisms dependent on the pulse duration and total 
energy delivered. The transition from thermal denaturation into themo-mechanical effects 
as the primary cause of damage to the RPE after laser exposure is approximately 50 µs
42
. 
Schuele et al. demonstrated in experiments utilizing ex vivo porcine RPE samples 
microbubble formation is the dominant damage mechanism to the RPE for 5 µs pulse 
durations. Photomechanical events possibly associated with microcavitation and 
photomechanical disruption was observed at the greater end of exposure energies for 
experiment 1 and 2. Previous studies have used reflectometry
43
 (Roegner 2004 Shuele 
2005), stroboscopic imaging
44
, and acoustic measurements
45,46
to monitor microbubble 
formation. The SLO frame rate of 33 ms/frame is too long to record the actual 
microbubble formation but can only monitor the spatial rearrangement of the retina 
following exposure. Although our experiments did not use any complimentary 
independent methods, such as reflectometry, other than OCT cross-sections to confirm 
the presence of microbubbles, the 2 µs pulse duration used in our studies was most likely 
associated with microbubble formation. The ED50 threshold for detecting visible 
disruption from 2 µs in cSLO images was 827 mJ/cm
2
. The threshold for microbubble 
formation in ex vivo porcine RPE reported by Schuele et al. was 222 mJ/cm
2
. Beam 
profile distributions and size (50 µm versus approximated 160 µm beam size) could 
account for difference in threshold if the visible disruption in cSLO is in fact microbubble 
formaton.  The false negatives resulting from the measurement of the spatial disruption as 
an indicator of microbubble formation may indicate thermal effects play a role for in vivo 
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2 µs exposures. Other possibilities include obscuration of the small displacement in SLO 
images from imaging artifacts and low signal to noise ratio. Misalignment of the insult 
and OCT beam may have resulted in B-scans recorded slightly adjacent to the site of 
exposure. 
None of the exposures for each experiment were below the MPEs set by ANSI for 
respective laser parameters. The retinal effects of microsecond and picosecond laser 
pulses is dependent on the energy per pulse and laser spot size at the retina. Lesion size 
and area of 3 picosecond exposures were logarithmically related to the amount of energy 
delivered to the retina. For the microsecond exposures, there was retinal spot size 
dependence when comparing energies required creating MVLs as well as the extent of 
injury. The radiant exposure needed to create damage is greater for the larger spot size 
but results in a more exaggerated disruptive event in comparison to the smaller retinal 
beam size. One reason may be due to a larger volume of fluid being heated surrounding 
the increased number of melanosomes within the irradiated area. As a result, the 
formation of larger bubbles could cause a more exaggerated “explosive” disruption. 
 A study by
47
 Kennedy et al. 2004 show the ED50 threshold for 3 µs 590 nm 
pulses varies with retinal spot size for an annulus and top hat beam profile. Our results 
followed a similar trend in which more energy is required to produce damage with a 
larger retinal spot size. Previous picosecond laser damage studies
48,49
 have compared the 
extent of damage and damage thresholds to rhesus monkey retinas based on spot sizes 
differences. The energy range of picosecond exposures at the cornea for this set of 
experiments (0.028 to 3.8 µJ) was less than the exposure energies to rhesus monkeys in 
the study by Roach et al. (2004) (4-20 µJ at the cornea). The differences in beam size and 
 56 
the two different primate species do not allow direct comparison of damage 
characteristics so we will only compare damage trends. In addition, we were only able to 
use data from subject 100770. Exposures to 310 OS did not produce any 
ophthalmoscopically visible damage. Color fundus photos from 100770 OS were blurred 
and out of focus, therefore did not allow inclusion for probit analysis. The energy spread 
of picosecond exposures for 100770 OD and 310 OD were all positive. As a result, the 
spread of energy distributions and number of eyes available for probit analysis (n=3) was 
not sufficient.   
Our results of aforementioned picosecond studies are similar in regards to the 
damage localization confined to the outer retina when laser induced breakdown (LIB) 
does not play a role. We did not reach irradiances great enough to produce LIB in the 
retina. In addition, as the energy of the exposure increases, the extent of the damage also 
increases to include the inner retinal layers. The “collapsed” appearance of the 
photoreceptor layer following moderate to high power exposures suggests explosive 
mechanisms. Low signal to noise ratio, frame rate, poor light transmission, eye 
movement, and misalignment of the imaging laser with insult laser may account for 
missed and unobserved photomechanical phenomena in vivo.  
2.5.1 Photothermal/Photochemical Damage: Experiment 2 
The exposure energy distribution used in this set of experiments was 0.39-94,767 
nJ/cm
2
 (0.175-38.5 mW) at the cornea. It is possible the energy ranges crossed from 
photochemical to thermal effects or were partly thermal and photochemical. Probit 
analysis of 413 nm data failed to converge to a solution for one hour and 24 hour 
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observations and may point to differences in damage mechanisms. Not all 413 nm 
damage observable using high resolution imaging modalities was noted as an MVL in 
color fundus photos. For example, in more than one subject and multiple eyes receiving 
413 nm 20 second exposures, damage was visualized at the one hour time in OCT B-
scans as small non-uniform regions of “speckled” hyper-reflectivity at the RPE and 
photoreceptor layers but were not identified  as lesions in color fundus photos. In 
addition, some of the lesions took 72 hours to develop but did show evidence of light 
induced changes in OCT scans. The time course of photochemical lesion development to 
become funduscopically visible is on the order of 2-3 days post exposures
4,5
. It is possible 
based on the observations reported here, observable retinal changes associated with 
photochemical damage could occur on a much shorter time scale (hours) as compared to 
days. In another study investigating possible photochemical/photothermal damage, a 
reduction in RPE fluorescence occurred immediately following 900 s 568 nm laser 
exposures with an average power greater than 47 µW
12
. It is not known whether the 
exposures were funduscopically visible 1-3 days following injury as color fundus images 
were not collected until 6 days following injury. The powers used to study 413 nm 
damage in this study are greater than 47 µW and within ANSI standards for MPE to 413 
nm photochemical and thermal light exposure. Future studies should approximate energy 
distributions and exposure parameters to recreate photochemical damage and inspect 
using AO SD-OCT or other high resolution imaging modality.  
The 413 nm 20 exposures closest to the fovea with energies approximately greater 
than 60 mJ (at the cornea) resulted in full retinal thickness reflectance changes associated 
with damage and edematous reactions. The 413 nm wavelength falls within the macular 
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pigment absorption band
50
. The macular pigment concentration is greatest at the foveal 
pit center and decreases exponentially out to approximately seven degrees eccentricity 
from the pit center. Most of the macular pigment is localized within the Henle Fibers and 
the IPL and OPL
51
. The macular pigment protects the retina from blue light damage
25
 as 
it serves as a blue light filter and antioxidant. Previous studies
52,53
 have demonstrated the 
difference in lesion localization with respect to the fovea and examining injury from 
argon and krypton laser wavelengths.  Marshall et al. (1975) examined 50-300 mW argon 
laser exposures from 1° up to 10° eccentricity from the foveal center. Argon lesions 
delivered outside of a 2° circle of eccentricity from the foveal pit was localized to the 
RPE while lesions within the 2° circle extended from the RPE into the inner retina and 
appeared” full-thickness”. The localization of damage from experiment 2 described here 
closely resembles the histological analysis of argon laser damage to the fovea and 
peripherally to the fovea. Our ability to follow up the lesion over several times points 
post exposure (up to 9 days) revealed the “full-thickness” damage we observed at 1 and 
24 hours post exposure is no longer visible in OCT at a 9 day follow up point. Histology 
of those same lesions also did not show any observable damage within the inner retinal 
layers. 
Changes in the retina associated with injury and the healing response following 
exposure for the 413 nm 20 second and 532 nm 40 picosecond exposures were observed 
using AO SD-OCT. The “threading” emanating from the lesion site at the external 
limiting membrane reaching into the outer plexiform layer and sometimes the inner retina 
develops within the hour following the exposure. It is not generally seen beyond the 
foveal region but limited to lesions closest to the fovea. Lesions closer to the fovea 
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display higher density “threading” than those further away.  The filamentous structures 
were not observed at the 1 or 24 hour observation point for the 570 nm 2 μs exposures 
but were observed for picosecond exposures. The threading which appeared for the 
picosecond exposures were not as dense as they were for 413 nm damage.  At the 24 hour 
observation period, the “threading” increases in reflectivity and size. A possible 
explanation includes damage to the Henle Fiber layer due to transynpatic degeneration 
and direct damage from laser exposure
52
. 
Another possible explanation for the reflective “threads” are due to changes in 
Müller cells caused by exposure to laser radiation with a wavelength in the low 400 nm 
range. The Müller cells extend from the external limiting membrane (ELM) inward to the 
internal limiting membrane (ILM), where their foot processes form basal lamina that 
contributes to the ILM. Some Müller cells extend their foot processes instead to rest upon 
intraretinal blood vessels (Figure 13) where they form part of the blood-retinal barrier. 
Single Müller cells can extend this entire distance, from ELM to blood vessel. 
Retinal axons derived from the photoreceptors and the interneurons of the inner 
nuclear layer are more or less completely surrounded by Müller cell processes. Müller 
cells play a key role in the retinal response to injury. In particular, argon laser light (488 
nm) injury is associated with enlargement of Müller cell processes
54
. GFAP intermediate 
filaments are upregulated and endoplasmic reticulum is increased. Such changes could 
cause an increase in the refractive index of the Müller cell cytoplasm, with increased 
visibility of the structure by high-definition OCT. These cytoplasmic changes develop 
within 24 hours and will later regress. 
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Should the laser be sufficiently intense that physical disruption of the Müller cells 
occurs, it is possible that there is serum or blood leakage from laser-damaged intraretinal 
vessels; such vascular damage with a 488 nm laser has been illustrated by Marshal et al 
(1975). The serum or blood would tend to infiltrate the retina along the path of least 
resistance, in spaces formerly occupied by intact Müller cells. Although this idea could 
explain the time frame of our observations, the very sharply defined quality of these 
reflective threads seems odd for such a destructive lesion. 
 The cone axons of the Henle fiber layer are “bound” and encased by the outer 
processes of Müller cells
55
. In the macaque retina, the foveal cone axons and Müller cell 
processes run in parallel as they leave the central foveal area. The number of Müller cells 
to cone terminals in the perifoval OPL is equal. This would partially help to explain the 
reduced appearance of the threaded structures away from the fovea as the number of 
Müller cells per/mm
2
 deceases
56
. In addition, laser damage in smaller animal models such 
as mice may show similar structural formations in OCT scans. GFAP upregulation in 
Müller glial cells following retinal injury and disease is the most “sensitive non-specific” 
response to, and can be used as a “retinal stress indicator”57. Extensive exposure to bright 
white or blue light causes Müller cell gliosis and upregulation of GFAP
58
. 
2.5 CONCLUSION 
This is a pilot study to examine the feasibility of using AO SD-OCT and AO SLO 
to examine regimes of laser damage in real time in addition to the healing response. This 
study is the first of kind and while there significant differences in detection of blue light 
damage, results should be treated as preliminary. This is the first in vivo pilot study 
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investigating regimes of laser damage in the primate model in vivo. High resolution 
imaging systems with high frame rate may produce more accurate representation of the 
pulsed laser tissue phenomena. In addition, the nature of the filamentous threaded 
structures emanating from the damaged region to the inner retina should be identified. 
Future studies should include histology to explain and interpret the refractive index 
changes seen in OCT B-scans. The AO-OCT and cSLO provides researchers high 
resolution images of retinal layers to resolve laser damage in vivo.  This approach also 
provides an opportunity to observe laser damage over multiple time points reducing the 
need for histopathology as a single end point for observation.  
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Chapter 3: In Vivo multimodal Imaging of NF-kB (p5) spatial and 
temporal activation in the cis-NFKB-EGFP transgenic mouse 
3.1  ABSTRACT 
 
 BALB/c and C57BL/6 wild type mice and (cis-NF-kB-EGFP) transgenic mouse 
model were used to perform in vivo experiments of laser-induced thermal damage to the 
retina. A Heidelberg Spectralis HRA confocal scanning laser ophthalmoscope with a 
spectral domain optical coherence tomographer was used to obtain fundus and cross-
sectional images of laser induced injury in the retina. Sub-threshold, threshold, and supra-
threshold lesions were imaged up to 10 days post exposure using optical coherence 
tomography (OCT), infrared reflectance, red-free reflectance, fluorescence angiography, 
and autofluorescence imaging modalities. The spatial and temporal activation of NF-kB 
(p65) was monitored in the retina of the cis-NF-kB-EGFP mouse. In addition, EGFP 
basal expression in brain and retinal tissue from the cis-NF-kB-EGFP was characterized 
using two-photon imaging. Injured and control eyes were enucleated at discrete time 
points following laser exposure for cryosectioning and confocal microscopy to determine 
localization of NF-kB dependent enhanced green fluorescent protein (EGFP) reporter 
gene expression within the retina. In addition, immunohistochemistry for GFAP, IBA-1, 
NeuN, CD65, and Glutamine Synthese were used to examine the retinal structures and 
cell population expressing upregulated activation of p65 as a result of laser induced 
injury. 
3.2  INTRODUCTION 
Lasers in a clinical setting are used to treat and manage wet AMD, diabetic 
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retinopathy, and other retinal disorders. There is a strong desire to find strategies to limit 
injury to surrounding neural tissue after the delivery of laser energy to the retina. 
Glucocorticoids inhibit NF-kB driven activation of cytokines 
59
 (Cato and Wade 1996) by 
means which are not completely understood
60
 but are commonly used. Intravitreal 
steroidal injections have been used as thermal laser therapy
61
, accidental laser injury
62
, 
and retinal disease
63,64,65
. Anti-inflammatory treatments inhibit NF-kB driven activation 
of cytokines and chemokines, and are commonly used to treat laser injuries and have 
been shown to improve photoreceptor survival in the primate. In addition, the gaining 
acceptance of retinal laser phototherapy
66,67,68,69,70,71,13,72
 beckons detailed understanding 
of the molecular mechanisms governing the accelerated tissue repair and if any negative 
consequences of treatment exist. The “nuts and bolts”73 of the low level light hypothesis 
is that the accelerated healing from exposure to “low energy light” exposure is the result 
of changes in the redox potential.  The absorption of light by cytochrome c in the 
mitochondria changes the redox potential in the direction of greater oxidation. The 
increased oxidation “switches” the cell into a defense state possibly by way of 
transcription factors  and pathways related to oxidative metabolism
70
 which initiates the 
increase production of antioxidants. Potential transcription factors that may initiate the 
“switch” include NF-kB73,15,74.   
Nuclear factor-kappa B (NF-kB) is a family of heterodimeric transcription factors 
that regulates stress responses in a variety of experimental stimuli by exerting a 
modulatory effect on apoptosis, cell survival, and inflammation. Experimental conditions 
that activate NF-kB include reactive oxygen species (ROS), pathogens, injury, and 
ischemia. The molecular response of the mouse and rat retina to “light damage” has been 
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well studied
75,76,77,78,79
 as light induced damage is the most assessable model to study 
retinal degeneration. The degree and type of retinal damage is dependent upon the light 
exposure parameters. The primary effect of thermal light damage is necrosis of the 
central area of laser energy deposition with a surrounding area of injured tissue. The 
morphology of the injury zone is dependent upon the beam profile shape (e.g. Gaussian 
distribution) and energy distribution at the retina. The outer radial zone of the central 
injury may undergo apoptosis
80,81
 or recovery. Damage to adjacent retinal layers, such as 
the photoreceptors and choriocapillaris may occur as a consequence of heat transmission.  
Furthermore, secondary effects of laser damage such as from the release of excitotoxic 
molecules may contribute to the lesion appearance and size over the course of time. 
Photochemical damage occurs from light triggered chemical reactions, causing the 
formation of free radicals which can cause protein modification and lipid peroxidation in 
the retina. Photo-oxidative stress has been implicated in both thermal and photochemical 
damage to the retina
82,83
.  Laser injury to the retina is well understood at the macroscopic 
level but efforts still need to be made to understand the molecular signaling events 
associated with the regime of laser injury and or any therapeutic effects. 
Ischemia, physical stress and injury, chronic light damage, pathogens, and 
reactive oxidative are typically involved in some aspect of retinal disease and injury and 
therefore can potentially initiate NF-kB transcription. Using knock-in/out mice, 
researchers investigating molecular signaling pathways and their effect on the cellular 
response to neural disease and injury have been afforded the ability to monitor these 
pathways over several time points without the need for histology. Previous research has 
established transgenic mice as a reliable model for studying injury  from light exposure to 
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the retina
77
, cornea
84
, and skin
85
. Studies examining NF-kB activation or inactivation 
expression patterns within the retina have had to rely solely on traditional methods such 
immunohistochemistry, western blot, real time RT-PCR, and histology which are limited 
to a single time point for anatomical information or expression levels.  In this study we 
examine the spatial and temporal NF-kB activation in promoting inflammation following 
thermal light damage in vivo using the cis-NF-kB-EGFP reporter mouse. Validation of 
the cis-NF-kB-EGFP mouse model for light induced damage studies may allow in vivo 
investigations regarding therapeutic strategies centered on NF-kB activation for treatment 
protocol development and possible insights into unwanted secondary effects as a result of 
treatment. In particular, molecular imaging after photochemical and thermal light damage 
may provide insight into the differences in the light damage process. In addition, results 
may provide an insight into the localization of the transcription signature related to 
inflammation, immunity, nerve injury induced apoptosis, and neurodegeneration. 
3.3 MATERIALS AND METHODS 
All transgenic mice used had been backcrossed greater than 7 times to a C57BL/6 
background. Age matched (6-15 weeks) control wildtype mice were also the C57BL/6 
strain. A cis-NF-kb-EGFP breeding trio was provided by Christian Jobin (University of 
North Carolina at Chapil Hill). The cis-NF-kB-EGFP mice were created using a gene-
targeting approach to integrate a single copy of the NF-kB reporter construct into a single 
locus of the HPRT gene11. A total of 26 male cis-NF-kb-EGFP (6-8 months old) and 3 
retired breeders were used to monitor changes associated with laser exposure from 4 
hours up to five months later. Experiments were performed according to regulations of 
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the Association for Research in Vision and Ophthalmology (ARVO) Statement for the 
Use of Animals in Ophthalmic and Vision Research. The animals involved in this study 
were procured, maintained, and used in accordance with the Federal Animal Welfare Act, 
"Guide for the Care and Use of Laboratory Animals," prepared by the Institute of 
Laboratory Animal Resources National Research Council, and DoD Regulation 40-33 
Secnavinst 3900.38C AFMAN 40-401(1) DARPAINST 18 USUHSINST 3203 "The 
Care and Use of Laboratory animals in DOD Programs." All experimental methods were 
approved by the Institutional Animal Care and Use Committees of the University of 
Texas Medical Branch in Galveston, TX and Tri-Services Research Laboratory Fort Sam 
Houston, TX. 
3.3.1 Laser Induced Retinal Injury 
Prior to retinal lesion placement and imaging, mice were anesthetized with 
isofluorane (1% - 2%). Once restrained, a topical ocular anesthetic (Proparacaine HCL) 
eye drops were administered and eyelids were retracted using sterilized retractors. 
Corneal hydration was maintained throughout imaging by applying 0.5% methylcellulose 
lubricating eye drops (Alcon Laboratories, Ft. Worth, TX) every 2-3 minutes. An 
adjustable, heated platform was used to maintain body temperature and allow appropriate 
positioning of the eye for imaging and photocoagulation. A 3.2 mm fundus laser lens 
(Ocular Instruments) was used to visualize the fundus for lesion placement in the retina. 
A Coherent Ultima 2000 argon laser operating at 514 nm in conjunction with a Zeiss 
Model 30 SL-M slit lamp was used to create up to 10 lesion sites surrounding the optic 
nerve head in one eye per mouse. Lesions were characterized as sub-threshold, threshold, 
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or supra-threshold based on lesion appearance in RF fundus images. All reported laser 
energies were measured at the cornea, and exposures were made in one eye (OD) with the 
other eye serving as a control (OS). Power levels of 8.4 mW, 14.6 mW, and 28 mW were 
used to induce retinal injury at the sub-threshold, threshold, and supra-threshold level, 
respectively. Exposure time was set at 0.1 s for all exposures and a laser spot size of 100 
𝜇m and 500 𝜇m at the cornea was selected. 
A subset of retired breeders and 6-8 week old cis-NF-kB-EGFP mice (n=6) and 
wildtype mice (n=3) were used to establish lesion dosimetry and imaging protocol for 
capturing EGFP fluorescence generated as a result of injury. The remaining 17 mice were 
divided into 4 exposure categories (Table 1). Group 1 (n=3) received sub-threshold 
exposures at a laser exposure of 8.4 mW at the cornea. Group 2 (n=5) was exposed to 
14.6 mW resulting in threshold injury. Supra-threshold exposures from 28.9 mW laser 
exposures were administered to Group 3 (n=6).  
 
Power (mW) 
Num. of 
Exposures 
Radiant Exposure 
(J/cm
2
) Injury Grade 
8.4 15 (n=3) 10.6 Sub-threshold 
14.6 30 (n=5) 18.6 Threshold 
28.9 49 (n=6) 36.8 Supra-threshold 
28.9 4 (n=3) 14.7 Supra-threshold 
 Table 3.1: Laser exposure parameters for all mice. 
 
3.3.2 In Vivo Imaging 
3.3.2.1 Scanning Laser Ophthalmoscope 
The Spectralis HRA+OCT (Spectralis; Heidelberg Engineering, Heidelberg, 
Germany) which contains a confocal scanning laser ophthalmoscope (cSLO) with an 
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OCT, was used to obtain EGFP fluorescence signal emanating from the retina in addition 
to fundus and retinal cross sections. A 25 diopter lens was mounted on the front imaging 
end of the Spectralis to image mice. A small blanket was placed underneath the mouse to 
dampen breathing artifacts in retinal images. The cSLO features one argon wavelength 
(488 nm) and two infrared diode lasers (790/820 nm) which were used to obtain images 
of the fundus using infrared (IR) reflectance, red free (RF) reflectance, fluorescein 
angiography (FA), and autofluorescence (AF). All fundus images were acquired in the 
high resolution mode (1536 x 1536 pixels) over a 30° x 30° or 20° x 20° (1024 x 1024 
pixels) field of view (FOV). The cSLO scan rate is 15 frames/sec and multiple frames 
(greater than 12) were averaged to reduce image noise. To compensate for eye 
movement, an eye tracker was used to create images in which the movement artifact was 
removed or minimized. EGFP fluorescence was excited using with a wavelength of 488 
nm. Fluorescence emission was detected between 500 and 700 nm. In addition, 
reflectance and fluorescence images were collected simultaneously with varying focus 
settings to allow sectional scans through the mouse retina to investigate the depth 
location of the detected fluorescence signal. A subset of uninjured transgenic mice (n=5) 
were imaged to examine any possible effects caused by the imaging laser.  
3.3.2.2 Optical Coherence Tomography 
SD-OCT (λ=870 nm) volume scans and line scans were acquired for a subset of 
wildtype and transgenic mice to characterize changes in lesion morphology over time in 
association with upregulated NF-kB expression related to injury. Each B-scan consists of 
1536 or 768 A-scans acquired at a scan rate of 40,000 A-scans per second to generate 
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OCT cross-sectional images. Raster scans for volumetric representations and 
measurements consisted of 49 B-scans spaced approximately 3.8 𝜇m apart covering a 548 
x 183 𝜇m area. Subject’s retinas were imaged immediately following laser exposure, 4 
hours, 8 hours, 12 hours, 1-14 days, and up to 5 months after injury. Eye tracking based 
on blood vessel patterns was used to collect images of lesions for time course follow up.  
To set the transverse scale of OCT B-scans, 12 𝜇m polystyrene beads were 
injected into the vitreous of one subject. The lateral resolution was calibrated via the 
corneal curvature setting in the Eye Explorer software (Heidelberg Engineering, 
Heidelberg, Germany) to correctly measure bead size. Spectralis OCT raw data files were 
imported into Matlab 2009b (MathWorks Inc., Natick, MA) to generate 32-bit two 
dimensional grayscale images of SD-OCT B-scans. The image stack was then imported 
into the Avizo 6.3 (Visualization Sciences Group, Burlington, MA) software to create 3D 
volumetric renderings of the retina from the raster scan data sets.  
3.3.3 Fluorescence Microscopy of Cryosections and Retinal Flatmounts 
Laser exposed and uninjured transgenic and control mice were euthanized using 
cervical dislocation. Eyes were enucleated and fixed in 1% phosphate-buffered 
paraformaldehyde for 1 hour. The neural retinas were extracted microsurgically from 
retinal flat-mounts, whole-mounted on microscope slides, and fixed in mounting medium 
(DakoCytomation, Hamburg, Germany) for fluorescence microscopy. For cryosectioning, 
both eyes were enucleated each mouse and were immediately embedded in Tissue-TEk 
optimal cutting temperature (O.C.T.) compound (Sakura Finetek, Torrance, CA), frozen 
in liquid nitrogen and stored at -80 °C. Microtome sections (6 μm) were cut through the 
 70 
entire retina, along the vertical meridian, on a cryostat at -20 °C and thaw-mounted onto 
Superfrost Plus glass slides (Fisher Scientific, Pittsburg, PA). Sections were then air-
dried, fixed in cold acetone or 4% PFA for 10 minutes, stained with an anti-fade reagent 
with DAPI (Invitrogen Molecular Probes, Carlsbad, CA), and stored at -80 °C until 
fluorescence microscopy was performed (filter λ = 350 and 488 nm; model ; Olympus, 
Tokyo, Japan). 
3.3.4 Immunohistochemistry 
Tissue sections were prepared as described above, and anti-glial fibrillary acidic 
protein (GFAP), IBA-1, NeuN, CD65, and Glutamine Synthese (GS) monoclonal 
antibodies (Genox, Baltimore, MD) were applied using standard biotin-streptavidin-base 
methods. Frozen sections were rehydrated through ethanol gradient and permeabilized 
with 0.1% Triton X-100 PBS for 10 minutes. Endogenous peroxidase activity was 
quenched with 3% hydrogen peroxide. Non-specific binding and incubation with primary 
antibody was performed using Vector Laboratories Mouse on Mouse (M.O.M.™) kit. 
Primary antibody was incubated at 1:100 dilutions for 1 hour at room temperature. 
Secondary biotinylated antibody from the M.O.M. basic kit was dilute according to the 
manufacturer’s instructions and incubated with the tissue for 30 minutes at room 
temperature. Afterwards, sections were incubated for 30 minutes at room temperature in 
avidin peroxidase conjugate, Vectastain Elite (Vector Laboratories, Burlingame, CA). 
Staining was achieved by using peroxidase substrate DAB and the reaction stopped by 
washing the tissue in PBS. 
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3.3.5 Lesion Measurement and Statistics 
The lesion areas were manually selected in Image J from scaled IR images of 
laser damage. The level of EGFP fluorescence associated with injury was measured using 
Image J (National Institute of Health, Bethesda, Maryland). Areas of increased EGFP 
fluorescence associated with NF-kB transcription were manually traced using the 
freeform selection tool. The measured area, mean gray value, and integrated density 
(product of area and mean gray value) were recorded from each of the fluorescent regions 
of interest (ROIs).The mean pixel values of ten regions of each fluorescence image which 
did not contain EGFP fluorescence were averaged together and recorded as the average 
image background fluorescence value. The corrected total cluster fluorescence (CTCF) 
was calculated as the integrated density – (area of fluorescent cluster * mean background 
fluorescence).   
A mixed model of repeated measures (SAS, Ver. 9.2; SAS Institute, Cary, NC) 
was used to detect any significant differences in CTCF versus grades of laser damage and 
observation time. Pearson’s correlation was used to evaluate the relationship between 
CTFC and lesion area for supra-threshold damage. 
3.4 RESULTS 
3.4.1 Laser Induced Damage in the Mouse Retina 
Slit lamp evaluation was used to assess successful delivery of laser exposures 
immediately after exposure. Multiple laser lesions were assessed in each subject. The 
hyper-reflective changes ranged from a “graying” of the exposed region to a blanched 
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“white” appearance as exposure energy was increased. The minimal energy needed to 
produce a gray exposure was set as the threshold energy of 14.6 mW. 
Figure 3.1 presents cSLO images of supra-threshold injury in a one year old 
wildtype mouse 24-72 hours after exposure. Autofluorescence baseline images of the 
retina appeared faint in younger mice (< 3-4 months) in comparison to older mice used to 
help established injury thresholds (Figure 1C). There was an increase in autofluorescence 
of the RPE three days following laser exposure (Figure 1E). The evidence of the lesions 
in fluorescence angiography was used to help determine if RPE/Bruch’s membrane was 
compromised by laser exposure (Figure 1D). Lesions were distinguishable 8-14 days in 
the RPE post exposure using 488 nm light whereas the lesions were no longer visible 
using the IR or RF imaging (not shown). Laser injury in the cis-NF-kB-EGFP mouse 
retina was similar to injury in the wildtype mouse. To distinguish EGFP measurements 
from autofluorescence of the retina, younger mice were selected for monitoring NF-kB in 
vivo.  
 
 73 
 
Figure 3.1 cSLO images (30° FOV) of supra-threshold laser lesions in a one year old wildtype mouse 
retina 24 (A-D) and 72 hours (E-F) post exposure. (A) Infrared, (B) red-free, (C and E) 
autofluorescence (488 nm), (D) fluorescein angiography, and (E) indocyanine green 
imaging modalities.  
OCT scans enabled a complimentary evaluation of lesion morphology to 
traditional en face imaging used to assess laser lesion dynamics and wound healing. No 
lesions were detected immediately following laser exposure but developed within the 
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hour. Lesions identified in OCT B-scans were characterized as regions of hyper-
reflectivity or hypo-reflectivity in comparison to surrounding retinal regions with visible 
disruption to the RPE and choroid.  
 
 
 
 
     
Figure 3.2 (A) OCT and (B) FA image (30° FOV) of mouse retina immediately following thermal 
laser injury. Follow up OCT (C) and FA image (D) of same subject 24 hours later (30FOV). Scale Bar 100 
m (x-direction). 
Figure 3.2 shows FA and OCT images of a supra-threshold lesion in a wildtype mouse 
one and 24 hours after initial exposure. One hour following laser exposure, disruption to 
the RPE/Bruch’s membrane appeared as regions of hypo-reflection in the RPE into the 
photoreceptor layer (Figure 3.2A). Figure 3.2B shows an FA image of the same lesion 
and location of the B-scan in Figure 3.2A (green line). The areas of hypo-reflection 
changed into a region of hyper-reflectivity extending from the outer retina into the 
 
B 
D 
A 
C 
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choroid at the 24 hour observation point (Figure 3.2C). Disruption of the RPE/Bruch’s 
membrane visible immediately after laser exposure (Figure 3.2B) was not always evident 
at the 24 hour follow up (Figure 3.2D). 
Lesion size metrics were collected from a subset of wildtype and transgenic mice 
for association with the magnitude of EGFP protein expression indicative of NF-kB 
activation. Discernible lesion areas for subjects which received supra-threshold exposures 
were measured from infrared cSLO images (Figure 3.3). Lesion width and area was 
measured with a single B-scan in the raster set where the damage was greatest based on 
visual inspection for subjects receiving threshold exposures (Figure 3.4). 
 
 
Figure 3.3 Supra-threshold injury in transgenic mouse (A) 4 hours (B) 7 days. Scale Bar 100 m. 
A B 
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Figure 3.4 OCT B-scans of threshold injury exposure in three cis-NF-kB-EGFP mice (A-C) Top to 
bottom: 24 hours, 5 days, and 7 days post exposure. (E-F) Top to bottom: 24 hours and 5 days post 
exposure. (G-H) Top to bottom: 24 hours and 48 hours post exposure. Scale Bar (x-axis) 100 um 
 
Injury was localized to the outer retinal layers for all grades of visible laser 
damage. Infrared images collected within four hours of threshold and supra-threshold 
exposures appeared as hypo-reflective regions with a hyper-reflective “ring” surrounding 
the lesion circumference (Figure 3.3A). Laser exposures less than 8.4 mW did not 
produce any visible lesions. Threshold lesions “resolved” faster than supra-threshold 
lesions as they were not apparent in infrared images collected 5 days after exposure. 
Supra-threshold lesions (n = 51) grew 26% bigger 48 hours following exposure (Figure 
A 
B 
C 
E 
F 
G 
H 
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3.5). Threshold lesions decreased in width 20% from 24 to 48 hours following exposure 
(Figure 3.6). Lesion size continued to decrease for both grades of injury for each 
observation point past 48 hours. 
 
 
Figure 3.5 Average lesion area measurements collected from infrared images of cis-NF-kB-EGFP 
mice (n=6) retinas which received supra-threshold exposures. The number of mice included 
in each measurement is above each respective bar.  
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Figure 3.6 Average lesion area measurements collected from OCT B-scans of cis-NF-kB-EGFP mice 
(n=5) retinas which received threshold exposures. The number of mice included in each 
measurement is above each respective bar.  
3.4.2 Basal Expression Pattern of cis-NF-KB-EGFP Transgene  
3.4.2.1 cSLO Imaging 
Baseline fundus photos collected using cSLO with an excitation wavelength of 
488 nm allowed study of basal expression of NF-kB associated with translocation to the 
nucleus. Reflectance and fluorescence images were collected with focus setting ranging 
from -10 to 10 diopters to examine signal depth dependence within the retina (Figure 
3.7). The fluorescent structures associated with the retinal vasculature were best focused 
at retinal positions slightly posterior to the nerve fiber layer (Figure 3.8). 
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Figure 3.7 Infrared (top row) and complimentary fluorescence images (bottom row) from cis-NF-kB-
EGFP mouse 48 hours following laser exposure. Focus settings from left to right: (A) -10 D 
(outer retina), (B) -5 D, (C) 0 D, and (D) 5 D (focused on nerve fiber layer). Scale Bar: 200 
µm. 
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Figure 3.8 Fluorescence and infrared SLO images (30º FOV) of a single cis-NF-kB-EGFP mouse 
retina (A) Infrared image with focus setting at -5 Diopters slightly posterior to the nerve 
fiber layer. (B) Fluorescence image with focus held at -5 Diopters(C) Fluorescence image 
with focus posterior to figure B (0 diopters). (D) Fluorescence image with focus setting at 
+5 Diopters. 
Fluorescence emanating from the anterior retinal vasculature close to the nerve 
fiber layer was a distinguishing characteristic observed in most cis-NF-kB-EGFP mouse 
retinas. EGFP fluorescence intensity and expression patterns associated with NF-kB 
(p65) transcription was unique to each mouse (Figure 3.9).  
 
 81 
 
Figure 3.9 Fluorescence images of 12 uninjured cis-NF-kB-EGFP mouse retina. 
A fluorescent population of cells were seen circulating in the retinal fundus, but 
the cell type is not clear (Figure 3.10). The peripheral mononuclear cells of the cis-NF-
kB-EGFP mouse are EGFP+ and a likely cell population. The time between each of the 
frames in Figure 10 is 66 ms. Tracking EGFP+ cell bodies from a movie collected four 
hours after supra-threshold laser injury in one subject (Figure 3.10 and 3.11), the average 
velocities were 0.99±0.22 mm/s, 0.22±0.06 mm/s, and 0.74±0.42 mm/s, respectively. 
Some of the  EGFP+ cell bodies (cell numbers 4-7) travel a greater distance in a shorter 
time and could only be captured within two consecutive frames (~ 3.73 mm/s).  Figure 
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3.10 show the retina fundus before injury (A), four hours (B), and 24 hours later (C). Two 
EGFP+ cells are highlighted in red in the single frame (Figure 3.10B). 
Table 3.2: Sampled measures of EGFP+ cell velocities. 
EGFP Cell 
Number 
Measure 
1 
Measure 
2 
Measure 
3 
Measure 
4 
Average 
Velocity 
(mm/s) 
1 1.15 0.81 0.75   0.90 
2 0.24 0.29 0.20 0.15 0.22 
3 1.03 0.26 0.94 
 
0.74 
4 3.50 
    5 3.34 
    6 4.48 
    7 3.60         
 
 
Figure 3.10 Infrared and fluorescence images (30 FOVº) of cis-NF-kB-EGFP mouse before and after 
supra-threshold exposures. IR fundus before injury (A), four hours (B), and 24 hours later 
(C). Two EGFP+ cells are highlighted in red in the single frame (B). Scale bar: 100 µm. 
 
 
 
A B C 
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t = 0  ms 
t = 198 ms 
t = 396 ms 
t = 594 ms 
 84 
 
Figure 3.11 Fluorescence image single frames (30º FOV) collected four hours after supra-threshold 
injury of a cis-NF-kB-EGFP mouse retina. The red arrows point to a location in the retina 
where the EGFP+ cells “collect” before exiting the region via major blood vessels (blue 
arrows). The time between every three frames is given in the top left corner.  
3.4.2.2 Fluorescence Microscopy 
Retinal flatmounts and cryosections of uninjured and injured retinas of the cis-
NF-kB-EGFP mouse were analyzed to examine constituent expression patterns and 
localization of NF-kB (p65) to further characterize the EGFP signal seen in fluorescent 
cSLO images. Figure 3.12 below is an example of a retinal flatmount and cryosection 
from the cis-NF-kB-EGFP mouse retina. Retinal flatmounts confirmed the retinal 
vasculature as a source of the EGFP signal within the retina. NF-kB expression was 
present within the ganglion cell layer (GCL), inner plexiform layer (IPL), and outer 
t = 792 ms 
t = 990 ms 
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plexiform layer (OPL) as seen in cryosections of the retina (Figure 3.12B).  Most of the 
EGFP+ signal seen within the RGC layer was adjacent to retinal blood vessels.  
 
 
Figure 3.12  (A) cis-NF-kB-EGFP retinal flatmount stained with DAPI.  (B) Fluorescence microscopy 
(green channel) of a retinal cryosection from an uninjured mouse. NF-kB (p5) localization 
can be seen in the GCL, IPL, and OPL (white arrows). A “string” like structure resembles a 
Muller process. (far right arrow). 
 
 
 
 
B A 
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Figure 3.13 Immunofluorescence labeling of retinal cryosections of cis-NF-kB-EGFP (uninjured) (A) 
EGFP overlaid with DAPI stain. (B) Double immunofluorescence staining with IBA-1 (red) 
and DAPI (blue). (C) Merger of figures A and B. (D) Double immunofluorescence staining 
surround the optic nerve head with NeuN (pink), DAPI (blue), and EGFP+ structures 
(green).  
Cryosections were stained with DAPI, IBA-1, GFAP, and NeuN to help identify 
specific cell bodies and/or retinal structures constituently expressing the p65 NF-kB 
protein. None of the complimentary stains co-localized with the EGFP signal. DAPI stain 
is specific to the nuclear regions of cell bodies and preferentially stains the GCL, INL, 
and ONL of the retina (Figure 3.13B). Amarcrine and ganglion cells were stained with 
the NeuN antibody tagged with red fluorescent protein (Figure 3.13D). Activated 
A B 
C D 
NF-kB 
(p65) 
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IBA-1 
DAPI 
MERGE 
(p65) 
NeuN 
DAPI 
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microglial and muller cells expressing the IBA-1 (Figure 3.13B) and GFAP protein (not 
shown) respectively were also eliminated as co-localizing with EGFP+ structures. 
3.4.2.3 Two-photon Imaging  
Two-photon and reflectance imaging of an uninjured retina revealed most of the 
EGFP+ signal co-localized within the inner retinal layers. Figure 3.14 shows two-photon 
sectional en face images of a non-injured cis-NF-kB mouse retina. The nuclear region of 
the INL cell bodies has constituent expression for this subject (white arrow). 
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Figure 3.14 Two-photon images of cis-NF-kB-EGFP mouse retina ex-vivo. Two-dimensional enface 
view of the retina starting with the RGC (top left) and ending with the ONL (middle right). 
(bottom) Cross-sectional slice of three dimensional volume demonstrating hyperfluorescent 
regions in the inner retina. 
RGC INL 
IPL 
INL 
ONL 
OPL 
S3 
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3.4.3 Expression Pattern of cis-NF-KB-EGFP Transgene Following Laser Injury 
3.4.3.1 In Vivo cSLO Imaging 
In vivo imaging allowed monitoring of the spatial and temporal activation of NF-
kB following laser injury in the murine retina. Mice receiving only the imaging treatment 
without laser exposure did not show any activated EGFP fluorescence (data not shown). 
Sub-threshold exposures did not produce visible lesions or activate EGFP. Retinal 
regions exposed to threshold and supra-threshold laser damage produced fluorescent cell 
“clusters” minimally 4-6 hours later. EGFP expression associated with threshold and 
supra-threshold exposure was variable between mice and also variable within the same 
mouse. The best focus of the fluorescent clusters was anterior to the RPE and beneath the 
nerve fiber layer.  
Fluorescence intensity of the supra-threshold regions increased over the 24-48 
hour period as the “clusters” became more uniform in appearance compared to a molted 
appearance at 24 hours (Figure 3.15).  Fluorescence cluster intensity peaked at 48 hours 
and began to degrade thereafter (Figure 3.16). NF-kB expression associated with 
fluorescence was variable on the fifth observation day with an increase of some portions 
of the fluorescent “clusters” without an increase in size. Fluorescence intensity indicative 
of NF-kB transcription (CTFC) was grouped and averaged for all mice receiving supra-
threshold treatment (n=146 lesions).  
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Figure 3.15 Baseline (B) and follow on infrared (top row) and complimentary fluorescence images 
(bottom row) from cis-NF-kB-EGFP mouse 24 hours to 7 days following supra-threshold 
laser exposure.  
 
Figure 3.16 Summary of mean EGFP fluorescence (arbitrary units) supra-threshold lesion clusters 
indicative of NF-kB transcription. The number of animals included in each measurement is 
indicated above each respective bar. 
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Threshold injury CTFC had a similar appearance to the fluorescent clusters of 
supra-threshold damage but occupied a smaller area (Figure 3.17) and had less 
fluorescence (Figure 3.18). Fluorescence intensity indicative of NF-kB transcription was 
grouped and averaged for all mice receiving threshold treatment (n=66 lesions) based on 
exposure day. Lesion fluorescence was maximal at 24 hours and decreased at each 
following observation point thereafter (Figure 3.18). 
 
 
Figure 3.17 Baseline and follow on infrared (top row) and complimentary fluorescence images (bottom 
row) from cis-NF-kB-EGFP mouse 24 hours to 7 days following threshold laser exposure. 
Scale Bar: 200 µm. 
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Figure 3.18 Summary of mean EGFP fluorescence of threshold injury fluorescent lesion clusters 
indicative of NF-kB transcription. The number of animals included in each measurement is 
indicated above each respective bar. 
 
A two level mixed effects model of repeated measures was used to compare the 
fluorescence clusters resulting from the two grades of laser damage for matched time 
points (24 HR, 48 HR, 5 D, and 7D) for respective mice (Figure 3.19). The null 
hypothesis compares the differences in the variance by allowing it to vary by time and 
mouse versus keeping the variance fixed. The null hypothesis is: H0:  = 
 versus H1:  ≠ , where (I) is the identity matrix of dimension 
equal to the number of subjects. 
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H0: There is no difference in the variance allowing the interaction to vary by time 
and by mouse  and does not account for any more variance in comparison to 
being fixed . 
H1: There is a difference in variance allowing the interaction to vary by time and 
by mouse  and does account for any more variance in comparison to being fixed 
.  
The null model likelihood ratio test rejects the null hypothesis with a Chi-Square 
value of 4.0 and is significant (P<0.04). The model for the data is: 
 
where  is the dependent variable of the fluorescence measurement at each time  for  
the  mouse assigned to laser treatment . The right hand side of equation (3.1) 
 
is the mean for laser exposure grade  at time , containing effects for laser exposure 
grade, time, and laser exposure grade x time interaction. The random error associated 
with the measurement  is . The results of the model indicate there is a significant 
effect of laser dose on the amount of fluorescence resulting from injury (P=0.006) and 
there is a marginal effect of the time of evaluation (P=0.055). There is a significant 
interaction between time x laser dose (P=0.03). Overall, the exposure irradiance dictated 
the level of fluorescence detected and duration, where supra-threshold damage produced 
higher intensity “clusters” compared to threshold exposures. 
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Figure 3.19 Comparison of supra-threshold and threshold exposures for mice evaluated at time matched 
observation points.   
Fluorescence images with complimentary OCT volume scans were collected to 
compare fluorescence intensity against lesion size.  Average lesion area increased over a 
48 hour period for subjects receiving supra-threshold exposures. There was a weak but 
significant correlation (r = 0.29, P=0.0017) between supra-threshold lesion size and 
EGFP fluorescence indicative of NF-kB transcription.  Average threshold lesion size 
decreased gradually from its peak at 24 hours.  
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Figure 3.20 OCT and fluorescence images were simultaneously collected to examine fluorescence 
intensity in relation to lesion size. (Top row) High quality fluorescence image captured 24 
hours following laser exposure (A) with fluorescence image depicting OCT scan position 
(B). OCT scan of lesions 24 hours later (C).  (Bottom) High quality fluorescence image 
captured 5 days following laser exposure (D) with fluorescence image depicting OCT scan 
position (E). OCT scan of lesions depicted in row above 5 days later (F).  Scale Bar: 200 
µm. 
3.4.3.2 Fluorescence Microscopy and Immunohistochemistry of Retinal Flatmounts 
and Cryosections of Injured Retina 
Confocal fluorescence microscopy of ex-vivo neural retinal flatmounts three and 
ten days post supra-threshold retinal injury revealed a dense network of fluorescent 
interconnected cell bodies extending the full width of the neural retina.  Figure 3.21 
shows fluorescence stack images (focused at the anterior portion of the retina) of supra-
threshold injury with (B) and without DAPI staining (A). The images were collected ten 
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days following laser insult. The EGFP expressing cell bodies in the stack images have a 
similar appearance to the fluorescent “clusters” in the in vivo fluorescence images 
captured from the same subject (Figure 3.21 bottom).  
 
 
Figure 3.21 Fluorescence microscopy of ten day old supra-threshold retinal laser injury with 
complimentary in vivo fluorescence images from the same subject. (Top row) High quality fluorescence 
image of lesions with (right) and without DAPI staining (left). (Bottom row) SLO fluorescence images of 
retinal fundus before, 24-hours, and 10 days following reintal injury. Scale Bar: 200 µm. 
 
Figure 3.22 shows confocal images of a DAPI stained flat mounted retina (with RPE 
removed) of a supra-threshold lesion three days post injury. Most of the EGFP expressing 
cell bodies are located with the ONL and OPL and with some in the RGC layer (cross-
sectional view Figure 3.22 (Right)). Enface confocal images stepping through the retinal 
layers of threshold injury have similar expression and characteristics to supra-threshold 
A B 
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injury (Figure 3.23). Within the IPL just posterior to the INL, cell bodies approximately 
10 µm in size appear to connect to structures within the ganglion cell layer.  
 
 
Figure 3.22 Fluorescence microscopy of threshold laser injury (3 day follow up) in retinal flat mount 
with RPE removed. (Left) Fluorescence stack image (enface view) focused at anterior 
portion of retina.  EGFP expressing structures within DAPI stained retinal flat mount have a 
dendritic like appearance. (Right) Complimentary cross-sectional view of the same injury.  
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Figure 3.23 Fluorescence microscopy stack images (enface view) of threshold laser injury (3 day follow 
up) in retinal flat mount with RPE removed. (Top left) IPL layer with EGFP expressing cell 
bodies. (Top right) INL with DAPI stained cell bodies present. The cell bodies present in 
the IPL appear to extend into the INL. (Bottom left) RGC layer with EGPF cell bodies 
within the cell layers. (Bottow right) Anterior the the RGC bodies. Note EGFP cell bodies 
still present within this layer despite decreased number of RGC cell bodies.  Scale bar: 20 
µm. 
 
 
 99 
 
 
Figure 3.24 Fluorescence microscopy stack images (enface view) of supra-threshold laser injury (3 day 
follow up) in retinal flat mount with RPE removed. (A) Lesion site just above RPE (B) 
Retinal layer 6 µm above previous layer with the vertical ascending retinal vasculature. (C) 
9 µm above the previous layer, numerous uniform fluorescent cell bodies reside and 
eventually connect to the dendritic cell bodies in (D). Scale bar: 50 µm. 
 
Localization of NF-kB p65 activation in the mouse retina as a result of laser 
injury was assessed using fluorescence microscopy of retinal flat mounts and 
cryosections. Fluorescence microscope images collected at different depths within the 
A B 
C D 
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neural tissue of retinal flat mounts at the lesion site confirmed the activation of NF-kB 
anterior to the RPE up to the inner retinal layers. Expression of NF-kB p65 may not be 
specific to one neuronal cell body type following injury. Figure 3.24 are confocal stack 
images collected from one lesion site three days post laser exposure. The shape of the 
fluorescent EGFP expressing cell body structures differ based on localization within the 
retina. The cell population in Figure 3.24A expresses EGFP in the perinuclear region of 
the neuron in contrast to cell bodies in Figure 3.24C which have a more uniform 
florescent appearance. Another possibility is the EGFP expressing structures are the 
muller glia which extend the full length of the retina.  
Light microscopy of retinal cryosections collected from transgenic mouse one day 
after receiving supra-threshold light exposures expressed EGPF in the RPE, OPL and 
GCL as shown in Figure 3.25. A tunnel stained section of retina (Figure 3.26) collected 
from the same mouse in the previous figure reveals apopotosing cells within the ONL.   
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Figure 3.25 DAPI stained retina cross-section of a threshold laser exposure in the cis-NF-kB-EGPF 
mouse. Increased EGFP expression can be seen in the RPE and outer nuclear layer. Scale 
bar: 100 µm. 
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Figure 3.26 Tunnel stained retina cross-section of a supra-threshold laser exposure seven days after 
exposure in the cis-NF-kB-EGPF mouse. Apoptosing cells are located mostly in the 
photoreceptor outer nuclear layer.  
To determine which cell types exhibited NF-kB activation following laser injury, 
immunohistochemistry of retinal flatmounts and cryosections were stained using 
antibodies for retinal cell type markers. Muller cells span the full thickness of the retina 
and undergo reactive gliosis following neuronal injury. To determine if activated muller 
glia participates in an NF-kB mediated inflammatory response, control and injured 
flatmounts were stained with anti-GFAP and anti-GS antibodies tagged with red 
fluorescent protein (RFP). GFAP and GS stained retinas did not co-localize with EGFP 
indicative of NF-kB p65 transcription in injured or control retinas (Figure 3.26-3.28). 
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Figure 3.27 Fluorescence microscopy stack images (enface view) of non-injured retina stained with 
GFAP. Notice there is not any glial activation prior to injury. (Right) GFAP (red) did not 
co-localize with the NF-kB cell bodies (Green) in a laser injured retina. Scale bar: 50 µm. 
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Figure 3.28 Another example of a fluorescence microscopy stack images (enface view) of injured retina 
stained with GFAP. (Right) GFAP (red) did not co-localize with the NF-kB cell bodies 
(Green) in a laser injured retina. Scale bar: 50 µm. 
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Figure 3.29 Fluorescence microscopy stack images (enface view) of injured retina stained with GS. 
(Right) GS (red) did not co-localize with the NF-kB cell bodies (Green) in a laser injured 
retina. Scale bar: 50 µm. 
To examine the immune response of microglia and leukocyte infiltration, retinal 
flatmounts were stained using antibodies for IBA-1 and CD45, respectively. Neither 
IBA-1 nor CD45 co-localized with NF-kB in any of the retinal flatmounts imaged three 
days post exposure (Figures 3.29-3.30).  
 
 106 
 
Figure 3.30 Fluorescence microscopy stack images (enface view) of injured retina stained with IBA-1. 
(Right) IBA-1 (red) did not co-localize with the NF-kB cell bodies (Green) in a laser 
injured retina. Scale bar: 50 µm. 
 
 
 107 
 
Figure 3.31 Fluorescence microscopy stack images (enface view) of injured retina stained with CD65. 
(Right) CD65 (red) did not co-localize with the NF-kB cell bodies (Green) in a laser injured 
retina. Scale bar: 50 µm. 
3.5 DISCUSSION 
  Fluorescence SLO imaging was used to monitor the spatial and temporal patterns 
of NF-kB p65 upregulation following varying grades of laser induced damage in an 
EGFP reporter mouse model in vivo. Regions of the retina exposed to threshold and 
supra-threshold laser damage had increased EGFP fluorescence localized to the exposed 
region.  There was a weak but significant relationship to the EGFP reporter of NF-kB 
transcription and lesion area for supra-threshold exposures. Confocal SLO imaging and 
light microscopy was able to detect NF-kB for threshold and supra-threshold exposures 
but did not detect sub-threshold exposures. It may be increases in production of EGFP 
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associated with NF-kB activation were too weak to be observed within the resolution 
limits of the cSLO. Another possibility is that an increase in NF-kB translocation to the 
nucleus does not occur with exposure to sub-threshold laser exposure parameters used in 
this experiment. 
 The dynamics of the lesion formation and inflammation response may follow the 
gene response model of retinal injury described by Chona et al. (2004). An early response 
to retinal injury is the upregulation of transcription factors which occurs after the injury 
followed by a delayed response of genes related to the cell cycle and death. In the model, 
NF-kB p105 and p65 were included in the early stage transcription response and were 
overarching transcription factors activated throughout the stages of retinal injury and 
repair. Our results show ongoing NF-kB translocation to the nucleus for the duration of 
the one week observations.   
At the onset of the laser induced trauma, damaged neurons surrounding the 
central lesion area create further damage to neighboring neurons through 
“excitotoxicity”. The hypothesis of “excitotoxicity” is damage neurons release glutamate 
which induces expression of the N-methyl-D-aspartate (NMDA) receptor leading to a 
rapid influx of Ca+ into the neuron cell body leading to osmotic imbalance and 
consequently activates apoptosis
86
. In a more recent finding by Lebrun-Julien et al. 
(2009), NF-kB is “strongly” activated in the retina following NMDA exposure and 
induces NF-kB dependent death of retinal neurons. Furthermore, the NF-kB activity 
occurs in the Muller glia and not the retinal neurons
14
. NF-kB initiates endogenous 
production of TNFα in Muller glia and activates production of neuron surface AMPA 
receptors increasing Ca
2+
 permeability thus initiating excitotoxicity
18
. GFAP staining of 
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activated muller glia is commonly used as a marker of retinal light induced damage
67,87,26
  
but did not colocalize withgg NF-kB expression of in retinal flatmounts of laser injury 
three days after exposure. Based on microscopy images, the cytoplasm of the 
photoreceptor cell bodies express NF-kB following injury as well as unknown cell 
populations in the inner retina. IBA-1 appeared in close proximity to EGFP expressing 
structures but did not colocalize with NF-kB. Based on this result, it does not appear 
microglial are the source of NF-kB mediated neurotoxicity. The prolonged transcription 
of NF-kB 25 days after laser exposures may indicate ongoing inflammation and possible 
disruption to the immune privilege of the eye 
88
.  
Wu et al. (2002) reported NF-kB upregulation 12 hours post intense light 
exposure. Supra-threshold lesion size measured using OCT increased over the 24 hour 
period with a concomitant increase in fluorescence of the GFP+ cells indicative of NF-kB 
transcription. The increase in lesion size 24 hours after injury has been reported in the 
rabbit
89
 and primate. The delayed response begins approximately four hours after injury 
and peaks 1-3 days later and consists of gene expression related to cell cycle, cell death, 
survival, inflammation, neural development, and gliosis.
90
 In addition, autophagy 
activation by NF-kB is key for cell survival after heat shock. Basal expression of NF-kB 
p65 plays a role in protein “quality control” by helping to clear aggregated or malformed 
proteins induced by autophagy induction during heat shock recovery
91
. It is hypothesized 
NF-kB p65 controls the clearance of protein aggregates primarily by regulating HSPB8 
and BAG3 (Hsp70 co-chaperone) at the transcription level
92
. The peak expression of NF-
kB at 48 hour may indicate inflammation as well as protein removal.  
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Immunohistochemistry and light microscopy was used to identify the retinal cell 
localization of NF-kB in control and laser injured mice. Tunnel assay was used to 
determine if NF-kB activation was associated with apoptosis. In the control retinas, NF-
kB p65 positive cells were identified in the inner and outer plexiform and ganglion cell 
layers. The same result was found in healthy retinal tissue of the C3H mouse
93
. Past 
studies of NF-kB involvement of photoreceptor degeneration and injury following intense 
light and thermal injury have had conflicting results. NF-kB p65 was constituently active 
in dark adapted photoreceptor cells of the BALB/cJ mice
77
 and in cultured mouse 661W 
photoreceptor cells
94
. The 661 W photoreceptor cells exposed to visible light (4.5 
mW/cm
2
) caused oxidative damage in cells resulting in cell death accompanied by a 
decrease in NF-kB (p50 and p65). Wu et al. (2002)
77
 was the first to demonstrate NF-kB 
(p65) upregulation in photoreceptor cells after intense light exposure in vivo using 
histological methods in a BALB/cJ mouse model and was associated with apopotosis. 
Our results are similar to Wu in that the ONL layer of a supra-threshold exposed the 
transgenic mice tested positive for apoptosing cells. Thermal laser injury in rabbit retina 
induced NF-κB activation in the nuclei of photoreceptor cells as early as three hours post 
exposure
95
.
 
Glickman et al. (2007) used a snake model
96 
and human RPE cells
97
 to study 
NF-kB activation following thermal and photoxidative stress. Based on previous studies 
of thermal injury
95,96
 and results presented here, NF-kB expression most exerts pro-
apoptotic activity in photoreceptor cell bodies. 
In regards to constitutive activity of NF-kB, two-photon images in one sample of 
injured retina show expression in the cytoplasm of inner nuclear cell bodies. Our results 
are similar to Cooper et al. in that NF-kB p65 does show constituent activity in the inner 
 111 
retinal regions. It has been shown that constitutive NF-kB p65 expression is required for 
neuronal survival in other CNS systems such as the brain
98,99,100
. Paradoxically, inhibition 
of NF-kB following neuronal injury improves recovery
101,102,103
. NF-kB constitutive 
activity was present in the arterials of the mouse retina. There are no previous studies 
detailing the in vivo monitoring of NF-kB constitutive activity of vasculature. Previous 
studies have reported
104,105
 the constitute activity in bovine smooth muscle cells and rat 
carotid artery
106
. Monitoring the expression of NF-kB constitute activity following 
changes in diet would present a novel method to examine the effects of diet on retinal 
vasculature. ROS mediated inflammation may play a role in the development of diabetic 
retinopthy
107
. In addition, validation of the EGFP+ cell population seen in the retina in 
vivo as peripheral white blood cells would allow monitoring of the immune response of 
the retina to injury in vivo.  
3.6 CONCLUSION  
Overall, the cis-NF-kB-EGFP reporter mouse could be used for in vivo studies of 
NF-kB (p65) activation in relation to injury and healing in the retina. Future research will 
seek to understand the NF-kB signaling pathways and the variability between expression 
patterns of NF-kB regulated genes based on regimes of laser damage. Inhibition of these 
inflammatory pathways may represent a feasible treatment strategy for laser retinal 
injury. In addition, future studies of retinal inflammation associated with stem cell 
implantation into the retina could be possible using this mouse model. Characterization of 
NF-kB spatial and temporal activation following laser injury may provide a useful 
method to assess the degree and type of injury as well as the efficacy of experimental 
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treatments. The cell-specific spatial and temporal patterns of NF-kB p65 upregulation 
following various grades of laser induced damage was monitored using a reporter 
transgenic mouse model. NF-kB is a transcription factor. The role of NF-kB in retinal 
excitotoxicity as well the promotion of apoptosis or healing after light induced damage 
cannot be elucidated in this study. Further study requires use of TUNNEL to detect 
apoptotic cells in relation to NF-kB activation. 
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Chapter 4: The Relationship between Macular Pigment Optical Density 
Spatial Profile and Foveal Architecture 
4.1 ABSTRACT 
The relationship between the macular pigment optical density distribution and the foveal 
architecture of healthy human subjects was investigated in 33 non-smoking human 
subjects. Macular pigment optical density (MPOD) spatial profiles were measured by 
customized heterochromatic flicker photometry (cHFP) and two-wavelength 
autofluorescence (AF) imaging. In addition, spectral domain optical coherence 
tomography (SD-OCT) was used to extract foveal measures for comparison to the MPOD 
distribution with foveal architecture. The retinal layers in OCT raster scans were 
manually segmented for 19 subjects to investigate the relationship with the macular 
pigment spatial profile. Foveal metrics included: 1) foveal width as a the distance on each 
of the foveal pit where the nerve fiber layer is 20 µm thick (FWNFL); 2) foveal width 
measured from crest to crest (FWPP); 3) minimal foveal thickness (MFT) at the 
intersection of six radial scans; 4) central foveal thickness (CFT) as the average thickness 
of 1 mm diameter centered on the fovea; 5) outer retinal slope; 6) inner retinal slope; 7) 
outer nuclear layer slope (ONLS); and 8) foveal slope. Macular pigment measurements 
include: 1) full width half max (FWHM); 2) integrated macular pigment out to 2° and 3° 
eccentricity from central peak (IMPOD). Lifestyle and vision information was obtained 
via questionnaire. Customized HFP generated reproducible measurements of the MPOD 
spatial profiles for all subjects. There was a close relationship between the MPOD spatial 
profiles measured using cHFP and two-wavelength AF. Results show a significant 
association between FWNFL and MPOD slope measured between 0.25° and 1° 
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eccentricity from the fovea (r =0.53, P = 0.007), FWPP and MPOD slope measured 
between 0.25° and 1° eccentricity from the fovea (r =0.48, P = 0.0024), ONLS and 
MPOD slope measured between 0.25° and 1° eccentricity from the fovea (r = 0.74, P = 
0.0003). 
4.2 INTRODUCTION  
The fovea has the greatest concentration of cone photoreceptors in the retina and 
is responsible for approximately 50% of nerve fibers in the optic nerve head. Because the 
fovea yields the highest visual performance for nearly all parameters of vision, any factor 
that negatively impacts its function will result in noticeable decrements in visual 
performance. Macular pigment is derived from the diet and varies enormously in density 
from one individual to the next. The human body cannot produce lutein and zeaxanthin 
de novo; therefore, these nutrients must be obtained from diet. The macular pigment is 
deposited anterior to the sensory retina, in the photoreceptor cone segments, 
photoreceptor axons, and inner plexiform layers of the macula
51
 and is distributed in a 
radially symmetric fashion about the center of the fovea. Cumulative exposure to 
repeated mild photic retinal injury from ambient day light conditions over the course of a 
lifetime is thought to be a contributing factor to RPE degeneration seen in age-related 
macular degeneration (AMD)
108,109
. Dietary supplementation with lutein and zeaxanthin 
has been shown to increase macular pigment levels
110,111,23,112,113
. Studies have suggested 
that consumption of the xanthophylls, lutein and zeaxanthin, increased macular pigment 
levels and may help to reduce the amount of light damage to the retina as well as inhibit 
the formation of ocular disease
21
. The spatial distribution of the macular pigment may be 
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in some part related to the progression of AMD
22
. The macular pigment optical density 
(MPOD) spatial profile may have more importance as a biomarker of retinal health 
related to the likelihood of developing eye disease than relative quantity
114
 alone.  
There are psychophysical and optical methods to measure macular pigment in 
vivo. Optical techniques include: spectral fundus reflectometry
115,116
, autofluorescence 
spectrometry
117
, and Raman spectrometry
118
. Psychophysical methods include 
heterochromatic flicker photometry (HFP)
119,120
 and minimum motion photometry
121
. 
Each measurement technique has its advantages and limitations in terms of how the data 
is collected and relative ease of use.  
The Heidelberg Retinal Angiograph (HRA) confocal scanning laser 
ophthalmoscope measures MPOD by utilizing the inherent fluorescence of lipofuscin 
within the retinal pigment epithelial (RPE) and is a more objective measure of MPOD 
when compared to psychophysical methods. A drawback of using the HRA is that it is 
expensive and limits its availability to the researcher or clinician when compared to HFP. 
HFP is the most widely used technique because it is a relatively simple, low cost 
technique that does not require pupil dilation. In addition, HFP provides reliable 
measurements of MPOD in elderly subjects with cataracts
122
 which is not as reliable as 
autofluorescence spectrometry
123
. A disadvantage of HFP is that it is time consuming and 
relies on the patient (with good visual acuity) to have an understanding of the task at hand 
and to subjectively determine the flicker threshold. In addition, there are not any studies 
detailing the ability of the HFP technique to adequately describe the MPOD profile 
shape. Therefore, in order to understand the role of the MPOD distribution in relationship 
to disease and pathology, it becomes imperative to co-register the xanthophyll 
 116 
distribution in the retina to the foveal architecture. This may provide insight into the 
relationship between pigment levels and pathophysiology related to macular 
degeneration. In addition, HFP has limited resolution to reliably and accurately reproduce 
the MPOD spatial profile.  
Snodderly et al.
51
 hypothesized that the foveal architecture may play a role in the 
variability in MP distribution differences between individual people. Nolan et al.
124
 used 
customized HFP (cHFP) in a study demonstrating that foveal width was significantly 
related to foveal macular pigment, but the relationship between foveal width and macular 
pigment was race dependent. The highest density of macular pigment resides within 200 
µm of the foveal pit center51. The limited resolution of the cHFP measurement to portray 
the spatial profile of the macular pigment may prevent elucidation of the relationship to 
foveal architecture in the area of greatest concentration. Canovas et al.
125
 proved a high 
correlation between MPOD measurements using the cHFP and two-wavelength 
autofluorscence (AF) at discrete values. The recent MARS study
22
 found that people with 
a “ringlike” distribution were less likely to develop age related maculopathy and 
established the pattern as a biomarker of resistance to retinal disease. Zeimer et al.
23
 were 
the first to investigate the effect of supplementation on the spatial profile of the macular 
pigment in the recent LUNA study.
23
 Results show supplementation results in an increase 
in the magnitude of the macular pigment in the center of the fovea, and retinas with a 
“ring like” distribution showed an increase in the maximum of the ring but did not occur 
in subjects with an exponential MPOD spatial profile.  
Previous studies to understand the distribution of  xanthophylls within the foveal 
layers have been restricted to primate studies
51,50
; although, there have been studies 
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mapping the xanthophyll distribution in the human retina
126
. Co-registration of the 
MPOD distribution in the retina to foveal architecture in the human retina may provide 
insight into the relationship between pigment levels and pathophysiology related to 
macular degeneration. In this study, we examine the distribution of macular pigment 
measured using two-wavelength AF method with high resolution OCT.   
4.3 METHODS 
4.3.1 Subjects 
The study was approved by the Human Subjects and Institutional Review Board (IRB) at 
the University of Texas at Austin (UTA). Thirty three healthy subjects volunteered and 
were recruited to participate in the study via flyers and word of mouth at UTA. Informed 
written consent was obtained from each volunteer. All procedures and experiments 
adhered to the tenets of the Declaration of Helsinki. 
Subject inclusion criteria were age 18-50 years old and refractive error between -5 
and + 5 diopters. A history of eye disease or injury and smokers were exclusion criteria.  
A demographics and lifestyle questionnaire was administered to study participants. 
Details such as visual acuity, lens prescription, general health status, tobacco use, ethnic 
background, skin color, and iris color were obtained from the questionnaire. Subject 
demographics are given in Table 4.1. There were 23 Caucasian subjects and 14 non-
Caucasian (Asian = 8; Hispanic = 6;). 
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4.3.2 Measurement of the macular pigment spatial profile 
4.3.2.1 Optical method 
The right eye pupil of each subject was dilated with 1% tropicamide, 20 minutes 
prior to fundus autofluorescence imaging (FAF). Corneal curvature was measured using a 
keratometer to set the transverse scale in the Eye Explorer Software (Heidelberg 
Engineeering, Heidelberg). The Heidelberg Retina Angiogram (Heidelberg Engineeering, 
Heidelberg) confocal scanning laser ophthalmoscope (cSLO) was used to collect FAF 
images. Each scan set (32 images) consisted of 16 fundus images (20° field of view) 
collected using 488 nm and 514 nm light. Frame averages from each wavelength set 
where then used to calculate MPOD spatial distribution as described by Delori
117
 using 
the Eye Explorer Software. This method utilizes the inherent fluorescence of lipofuscin 
within the retinal pigment epithelial (RPE). Lipofuscin is excited in the wavelength band 
between 430 and 600 nm and emits fluorescence between 480 and 800 nm with a 
maximum in the 600 to 640 nm band. The AF of the macular region in a healthy retina is 
attenuated when illuminated with a wavelength that corresponds with the absorption 
spectrum of the macular pigment. By stimulating the autofluorescent retina with a 
wavelength highly (488 nm) and minimally (514 nm) absorbed by macular pigment (488 
nm), the differences in the fundus autofluorescence images generated by each wavelength 
can be used to provide a single-pass measurement of the MPOD. A 500 nm barrier filter 
absorbs 488 nm light and transmits the autofluorescence band (<500 nm) to pass to the 
detector. A minimum of two scan sets were collected from each subject to extract the 
macular pigment distribution.  
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4.3.1 Generation of MPOD 2D Spatial Maps and 1D Radial Plots  
No less than 12 green (IO488nm) and blue (ID514 nm) non-normalized images from a 
single movie series were aligned and averaged prior to generating the mean images for 
computing MPOD spatial maps using Beer’s law. The MPOD is calculated as: 
 
 
 
where IO is the incoming light (514 nm) to the retina prior to attenuation by the macular 
pigment, ID is the attenuated reflected light returning from the retina received at the 
detector, and  and  are correction factors for the relative peak absorbance of macular 
pigment at the 488 nm and 514 nm wavelength to the actual peak value at 460 nm, 
respectively. The MPOD grayscale (0-255) maps were generated in the HRA Eye 
Explorer Software (1.4.1.0) to calculate the MPOD map by comparing foveal (f) and 
parafoveal (pf) values at 488 and 514 nm (Equation 1). Images were noise reduced using 
the “High” noise reduction setting prior to exportation. If it were possible to produce 
greater than 16 frame averages by aligning two or more blue or green image series, then 
the higher frame averages were obtained. 
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Figure 4.1 Screen shot of a macular pigment map and distribution profile from a modified scanning 
laser ophthalmoscope (HRA; Heidelberg Engineering). The trimodal macular pigment 
distribution is from a healthy male subject. The adjustable red ring in the center was used to 
measure the average MPOD within annular 0.5 and 1 degree diameter. 
Two dimensional MPOD maps were imported into custom Matlab software 
(Mathworks, Natick, MA) to generate one dimensional radial density profile line plots 
because this data cannot be exported out of the HRA Eye Explorer Software (Figure 4.1). 
The Matlab program requires a user specified center x and y coordinate of the “foveal 
center”. Based on the user input coordinates (seed coordinates), the program fits a 2D 
Gaussian distribution to determine the best x and y fit of the MPOD distribution and uses 
the peak of the Gaussian as the foveal center (Figure 4.2). Pixel values are sampled from 
a 150 pixel size radius distribution stemming from the Gaussian fit center. The mean 
MPOD versus eccentricity was calculated by sampling the pixel values with respect to 
the radius from the center and binning values according to distance from the “foveal 
center” (Figure 4.3). Image grey level values are converted to OD127 using the following 
equation: 
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Figure 4.2 Screen shot of interactive Matlab program to generate MPOD radial distribution plots. Top 
left: input MPOD spatial map; Top Right: 10 pixel wide section (area between 2 lines) with 
center pixel value supplied by user to generate mean profile line (Figure 6B). Bottom Left: 
Zoomed in MPOD distribution highlighting (blue circle) best fit centered values. Bottom 
Right: Gaussian fit of MPOD distribution. 
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Figure 4.3 Mean MPOD radial distribution plot (black line) of same healthy male subject shown in 
HRA screen shot in Figure 3. The blue lines are the standard deviation of the MPOD 
measurement collected in the radial configuration about the foveal center. The green lines 
are the standard error. 
4.3.1.2 Psychophysical method 
The densitometer described by Wooten et al.
128
 were slightly modified to obtain 
extensive measures of the spatial profile of the macular pigment using customized 
heterochromatic flicker photometry (cHFP)
129
. The modification to the original device 
includes the addition of optimizing the flicker frequency uniquely to each individual. The 
critical flicker frequencies (CFF) are determined at the fovea for each subject before the 
cHFP test to establish the optimal flicker frequency. An algorithm is then used to 
determine the appropriate flicker rate to measure the MPOD for each target. The optimal 
flicker frequency for each subject reduces individual variance from factors such as age.  
Five relative radiance measurements were recorded at each locus (n = 35 radiance 
measurements).  
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The spatial profile of MPOD was measured at discrete retinal eccentricities on a 
horizontal meridian nasal side of the right eye at: 0.25°, 0.50°, 1°, 1.75°, 3°, and 5°.  
Target diameters sizes corresponding with measurement locations were 30 minute, 1°, 2º, 
2º, and 2º, respectively. All macular pigment measurements were made relative to a 2º 
target reference located at 7° eccentricity. Subjects view a flickering target visual 
stimulus which alternates in square-wave counter phase between a blue light (460 nm) 
and a green light (550 nm). The blue light is a wavelength maximally absorbed by the 
macular pigment as the green light is outside the macular pigment absorption band. 
Subjects were instructed to fixate on the “flickering” blue or green visual stimulus and 
then adjust the relative intensities of the blue and green light stimulus until the flicker is 
no longer perceived (null flicker). The null flicker is the point at which the blue and green 
light intensities are isoluminant. The perceived MPOD is then calculated as the logarithm 
of the energy of the blue light needed to minimize the flicker at the fovea relative to the 
energy needed at the peripheral retina. 
4.3.2 Macular Pigment Measurements and Classification of Profile Types 
Measurements extracted from cHFP and radial line scans include MPOD values 
collected at discrete eccentricity values from both instruments. In addition, the average 
MPOD in the central 0.5 and 1 degree diameter area (centered on the fovea) was 
measured using the Eye Explorer software (Figure 4.4). The integrated MPOD (IMPOD) 
across the fovea was measured as the area under the MPOD radial distribution curve from 
0º to 3º eccentricity and measured again from 0º to 2º eccentricity. The full width half 
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max (FWHM) was measured as the MPOD width at half of the peak central MPOD 
value.  
 
Figure 4.4 One dimensional radial density profile MPOD distribution. An example of the IMPOD 
measured as the area under the curve from 0˚ to 2˚ is highlighted in blue. The FWHM for 
this subject was 1.3˚ (410 µm) with an OD value of 0.31. 
The MPOD slope was measured as: 
 
 
 
Two dimensional MPOD spatial maps were used to classify profile types based on 
measured characteristics. Examples of an exponential and trimodal profile type are shown 
in Figure 4.4. MPOD spatial maps were used to extract the macular pigment profile slope 
(MPPS) between 0.25º and 1º eccentricity from the foveal center. The MPPS was 
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calculated as the difference between the MPOD value at 0.25º and 1º eccentricity divided 
by the distance in microns for each respective MPOD value (Equation 3). The slope 
measurement does not imply a monotonic function. Subjects categorized as an 
exponential profile had MPPS (OD/µm) less than -0.00085 (OD/µm). Subjects having a 
MPPS in the range of -0.0085 < n < -0.0003 were categorized as shoulders with the 
remaining subjects in the larger end of the range as trimodal (greater than -0.0003 
OD/µm).  
 
Figure 4.5 TOP: (Left) HRA fundus image of healthy male subject (λ=488 nm). (Right) Screen shot of 
the MPOD spatial profile from same subject with an exponential MPOD spatial profile (20° 
FOV) measured using Heidelberg HRA (two-wavelength autofluorescence). BOTTOM: 
(Left) HRA fundus image of healthy female subject with corresponding screen shot of 
(Right) MPOD trimodal spatial profile. 
4.3.3 Measurement of Foveal Architecture 
The Spectralis spectral domain optical coherence tomographer (SD-OCT) 
(Heidelberg Engineering, Heidelberg) was used to measure the foveal architecture in the 
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OD eye. The instrument used in this study has 7 μm axial and 14 μm transverse 
resolution (in tissue) with a speed of 40,000 A-scans per second. All OCT scans were 
collected by the same operator (GMP) on dilated subjects. A 3-D retinal map of the 
central 6x6 mm
 
(1024 A-scans/97 B-scans) of the macular area was collected from each 
subject. Raster scans (15° x 5° /768 A-scans) oriented in the vertical meridian 
(superior/inferior) plane of the foveal pit was collected for foveal pit width 
measurements. Scan pattern are shown in Figure 4.5. Subjects were instructed to focus on 
the internal fixation target, and eye tracking was enabled to minimize eye movement 
artifacts. Corneal curvature was used to set the OCT transverse scaling in the Eye 
Explorer software (version 1.6.4). Retinal segmentation performed by the Eye Explorer 
software was used to measure the total retinal thickness between the retinal pigment 
epithelial (RPE) layer to the vitreoretinal interface. 
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Figure 4.6 Starting top left going clockwise: 6x6 mm (20ºx20º) scan, radial scan pattern, central foveal 
thickness (282 um in this example) in center of 1-3 mm ring pattern, and 15ºx5º degree 
raster pattern. 
 Foveal width was measured from foveal crest to crest (FWPP) on the vertical 
meridian (superior to inferior side) of the foveal pit (Figure 4.7). Figure On the same 
meridian, the foveal width was measured from the regions where the nerve fiber layer 
was 20 μm thick on the superior and inferior side of the fovea (FWNL). Central foveal 
thickness (CFT) was obtained from the central 1 mm diameter zone of the foveal pit 
(Figure 4.6). Three radial scans centered on the fovea with six consecutive cross sectional 
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scans (6mm scan length) equally spaced 30º were used to collect measures of minimal 
foveal thickness (MFT).  
 
 
 
Figure 4.7 Top: OCT B-scan centered on foveal pit. The distance between the pit where the RNFL 
layer is 20 µm thick (FWNFL) is shown as the white line above the pit center. Bottom: The 
foveal width was measured between the two peaks on each side of the foveal crest (FWPP) 
and is demonstrated by the red line. The FWNFL is demonstrated by the white line.  RNFL: 
Retinal Nerve Fiber Layer; RGC: Retinal Ganglion Cell Layer; IPL: Inner Plexiform Layer; 
INL: Inner Nuclear Layer; OPL: Outer Plexiform Layer; ONL: Outer Nuclear Layer; PS: 
Photoreceptor Segments; RPE: Retinal Pigment Epithelial  
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4.3.4 Co-registration of MPOD images and OCT Enface Images 
OCT raster scans of the central 6x6 mm
 
area were extracted from raw data files 
using custom Matlab software. An image stack comprised of all B-scans from the raster 
set was created. An enface OCT image was generated taking the average gray scale value 
in the z-direction for each pixel location, multiplying it by 255 (max gray scale value) 
and normalizing by maximal pixel value in the z-direction of the image stack. The OCT 
blood vessel map (Figure 4.8) of the macular region was used to co-register 2D MPOD 
maps. 
 
 
Figure 4.8 (Left) OCT enface image of the retinal blood vessels. (Right) 2D MPOD spatial profile for 
the same subject.  
OCT enface images and MPOD spatial maps were coarsely aligned using TurboReg 
plugin in Image J (National Institutes of Health, Bethesda, MD) with affine and bilinear 
transforms. Blood vessels were used as feature sets for alignment. Finer alignment used 
an algorithm previously published elsewhere
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.
 
Examples of co-registered data sets are 
shown in Figure 4.9-4.11. OCT enface thresholded images were used to extract the blood 
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vessels (red) features for illustrative purposes and overlaid on negative MPOD maps 
(Figure 4.9). 
 
 
Figure 4.9 MPOD spatial maps (inverted) with OCT enface blood vessel maps overlaid in red to show 
co-registration results. 
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Figure 4.10 MPOD spatial map (top left) and total retinal thickness (bottom left) for the same subject. 
(Far Right) The two maps were merged to show how the MPOD spatial profile fits with 
retinal thickness.  
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Figure 4.11 Close up views of the two maps were merged to show how the MPOD spatial profile fits 
with retinal thickness. The red dot in the center is the location of the minimal foveal 
thickness of the pit volume.  
4.3.5 Extraction of Foveal Layers and Retinal Layer Slope 
The 6x6 mm OCT retinal scans were manually segmented out to 2º eccentricity 
from the foveal center in a subset of subjects (n=22) by a study investigator masked to 
subject identity. The retinal layers were segmented into three regions: inner retina, outer 
nuclear layer, and outer retina. The inner retina includes the retinal ganglion cell layer 
(RGC), inner nuclear layer (INL), and inner (IPL) and outer plexiform layer (OPL) 
(Figure 4.12-4.13). The outer retina region includes the retinal regions from the outer 
nuclear layer (ONL) to the base of the RPE. The outer nuclear layer region includes the 
ONL and includes the myoid layer (MD). 
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Figure 4.12 OCT retinal segmentation of layers used to relate to MPOD spatial profile. (Top) Spectralis 
full retinal thickness segmentation (Middle) Outer retina includes the: outer nuclear layer, 
photoreceptor layer, and RPE. (Bottom) ONL includes the ONL and photoreceptor inner 
segments. Prototype of retinal segmentation algorithm is best at finding photoreceptor 
bands and not external limiting membrane. The layer thickness was measured between the 
red retinal boundaries.  
 
Figure 4.13 OCT retinal segmentation of layers. (Top) All retinal layers used in retinal full thickness 
profile (Middle) ONL includes the ONL and myoid region (MD)(red) and exclusion of the 
photoreceptor outer segments and RPE (yellow). (Bottom) Outer retinal layers includes the: 
outer nuclear layer, photoreceptor layer, and RPE (red). Inner retinal layer (purple). 
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Once the foveal layers were segmented, the profiles of the layers were extracted 
in a radial line profile sampled in the same way as the MPOD radial analysis using 
custom Matlab code. The foveal pit center coordinates identified in the MPOD image to 
extract the one dimensional radial profile, were applied to the co-registered OCT scans of 
the pit (Figure 4.14). One dimensional profile plots of the total retinal thickness, outer 
retinal thickness, and outer nuclear thicknesses were extracted (Figure 4.13). 
Measurements of the foveal profile slope of the total retinal thickness (FPS), outer retinal 
thickness slope (ORTS), outer nuclear layer slope (ONLS) were extracted from retinal 
layer maps. 
 
 
Figure 4.14 Screen shot of interactive Matlab program to generate foveal thickness radial distribution 
plots. (Top right) Seed coordinates identified in radial analysis of MPOD profiles were used 
as the “center” of the retinal thickness profiles (blue marker in center of scan) in 
comparison to original (Top left).   
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Figure 4.15 (Top Left)Measurements of the total foveal profile thickness (FPS), (Top Right) outer 
retinal thickness (ORT), (Bottom left) and outer nuclear layer thickness (ONLS) were 
extracted from (Bottom Right) retinal layer maps. Black lines: mean radial thickness 
values. Blue lines: standard deviation of radial thickness. Green lines: standard error of 
radial thickness values.  
4.3.6 Noise Characterization 
To understand the limitations of measuring the MPOD spatial profile, image noise 
was characterized with respect to instrument settings and imaging angle. Sources of 
instrument noise include the detector, laser source, and electronic noise. The HRA 
confocal imaging system uses an avalanche photodiode (APD C30950) to convert photon 
energy to electronic signal. Avalanche photodiodes are typically used in applications 
requiring high sensitivity such as low light level imaging. A drawback of avalanche 
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photodetectors includes excess detector noise in exchange for improved light sensitivity 
at low light levels and photon shot noise at higher light levels. 
 
Figure 4.16 Schematic of a confocal scanning laser ophthalmoscope. The laser is focused through the 
pinhole diaphragm to the beam splitter. The beamsplitter serves to transmit the input 
excitation light to the eye and to reflect the fluorescence emission returning from the retina 
to the avalanche photo detector. Decreasing the detector aperture suppresses out of focus 
light (red beam path). The size of the detector pinhole diaphragm determines the focal 
depth of light within the retina. 
The total image signal ( realized by the HRA photodetector is the 
(photocurrent) (  plus the additive noise terms of the detector  and 
photon shot noise ( .  
 
                        (4) 
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Detector noise (  includes dark current shot noise (  and fixed pattern 
noise . The fixed pattern noise is a result of interference between electronic 
components.  The random Poissonian fluctuations of light accumulation (  plus 
laser speckle (    are accounted for as (   
 
    (5) 
 
The total worst-case variance of the image noise ( ) is the sum of the variance of 
each of the noise terms.  
    (6) 
The standard deviation of the total noise is: 
 
        (7) 
 
    (8) 
 To characterize the image noise a model eye with a focal length of 25 mm was 
used. This allowed controlling for noise caused by subject alignment, eye movements, 
and differences in ocular transmission. Instrument focus, scan size, and detector 
sensitivity were tested with respect to each other parameter, in order to examine image 
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noise introduced by each one. Detector sensitivity adjusts the gain of the avalanche 
photodetector. A section of a dollar bill was placed at the focal plane in the water filled 
chamber of the artificial eye. U.S. dollar currency has fluorescence reflectance spectra in 
the visible range which could be used to mimic the retinal fluorescence at 488 and 514 
nm
131
. Sixteen blue and green images frames (N=32) in a single time series movie were 
collected with respect to changes in focus and detector sensitivity to examine changes in 
image noise characteristics.  
The image plane of the dollar bill was examined with respect to focus and 
detector sensitivity. To examine differences in noise with respect to detector sensitivity, 
focus was set at the optimal focus setting (-11 D). Images were collected at five different 
detector sensitivity settings. Focus dependent noise was compared for 5 different focus 
settings spanning 7 D focus difference while detector sensitivity was held at a single 
setting. Matlab code was generated to sample regional image means and standard 
deviations. The image intensity differences in 3x3 image pixel regions were computed, 
and the 3x3 region was reassigned a grayscale value which was the difference between 
the maximum and minimal pixel grayscales values of the region. The edges were then 
identified from the “textured” image (Figure 4.15) using a Sobel method to approximate 
high frequency image gradients. The resulting binary image identifies high frequencies 
components as ones and “flat” regions as zeros (Figure 4.15 right). The image is then 
sampled using a sliding 5x5 window. Only image regions containing zero values for all 
25 sampled pixel values (flat) are used in the noise analysis as these regions are most 
prone to image noise.    
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Figure 4.17 (Left) Textured image of dollar bill at the focal plane of water filled artificial eye. (Right) 
Sampled “flat” space for noise analysis are the black regions. 
 
Pixel mean and standard deviation was calculated for each of the flat 5x5 regions 
within the image.  The coefficient of variation (CV) was calculated for each image as the 
ratio of the standard deviation (𝛿) to the mean (𝜇). Shot noise was calculated as square 
root of the mean value (Equation 10).  
 
 
Dark noise with respect to time was analyzed by taking the standard deviation and mean 
of the 100 frames collected in a time series movie.  The same procedure was applied to 
blue and green images as well. Probability distribution functions (PDFs) were generated 
with respect to focus and sensitivity.  
4.3.7 Statistical Analysis 
All statistical analysis was performed using SAS (SAS, Ver. 9.2; SAS Institute, 
Cary, NC). Microsoft excel and Matlab were used to plot the spatial profile of the MPOD 
and compare parameter relationships and produce image graphics for analysis. 
 140 
Independent t-tests were used to compare MPOD values between criterion groups. 
Pearson’s correlation  was used for bivariate analysis between MPOD and retinal features 
extracted from OCT. Altman-Bland was used to compare measurements of MPOD 
collected using psychophysical versus optical means. 
4.4 RESULTS 
4.4.1 Macular Pigment Optical Density 
Table 4.1 summarizes the MPOD results for the entire study group (n=33). The 
mean MPOD values are based on group membership and are derived from one 
dimensional radial density profiles as a function of distance (degrees) from the foveal 
center. MPOD at 0.25º was significantly related to all other eccentricities (r = 0.51-0.90; 
P =<0.001). A similar trend occurred for 0.05º (r = 0.59-0.68, P <= 0.001) but with the 
exception of 3º and 5º. The mean age for all subjects was 35±15.6 years (range 20-76 
years).   
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Table 4.1: Subject Demographics with respect to MPOD (n=33). MPOD values given as µ±σ. 
Figure 4.18 and Figure 4.19 graphically presents the grouped MPOD distribution 
for all subjects according to ethnicity and gender. There were not any significant 
differences between the mean MPOD values for discretely sampled eccentricities (Table 
4.2) between grouped Caucasian and non-Caucasians (Asian: n=8; Hispanic: n=6) or 
combined eccentricities from 0.05º-1.75º  (t= -0.85 , P= 0.39). The integrated MPOD 
between the foveal center and 2º and 3º was not significantly different between males and 
females or Caucasians and non-Caucasians (Table 4.3). A subset of subjects grouped as 
having either an exponential, shoulder, or shoulder profile are shown in Figure 4.20 (Top) 
from smallest MPOD slope (Bottom) to greatest slope.    
 
 
 
 
 
  
Degrees of Eccentricity 
Characteristic n % 0 0.25 0.5 1 1.75 3 5 
Entire Study Group 33 100 0.46±.13 0.41±0.13 0.37±0.12 0.30±0.11 0.13±0.08 0.06±0.04 0.02±0.02 
Age 
         
20-39 25 76 0.43±0.13 0.37±0.14 0.34±0.10 0.28±0.11 0.08±0.08 0.05±0.04 0.02±0.02 
40-59 6 18 0.53±0.09 0.49±0.10 0.42±0.12 0.31±0.08 0.04±0.04 0.07±0.03 0.02±0.02 
60-77 2 6 0.58±0.02 0.56±0.00 0.54±0.05 0.46±0.02 0.07±0.07 0.13±0.05 0.05±0.04 
Sex 
         
                Male  24 73 0.47±0.11 0.41±0.12 0.37±0.12 0.28±0.11 0.12±0.08 0.06±0.04 0.02±0.03 
  Female 9 27 0.45±0.10 0.40±0.15 0.37±0.11 0.33±0.11 0.11±0.11 0.06±0.04 0.02±0.02 
Ethnic Background 
         
     Caucasian 21 64 0.48±0.11 0.42±0.10 0.38±0.10 0.3±0.10 0.07±0.07 0.06±0.04 0.02±0.03 
        Non-Caucasian 12 36 0.40±0.14 0.37±0.19 0.35±0.14 0.28±0.13 0.11±0.11 0.05±0.05 0.02±0.02 
Iris Color 
         
     Blue-grey 8 24 0.44±0.15 0.38±0.12 0.34±0.10 0.29±0.07 0.05±0.05 0.04±0.03 0.02±0.02 
         Green-Hazel 8 24 0.51±0.08 0.45±0.09 0.42±0.11 0.34±0.14 0.08±0.08 0.06±0.04 0.02±0.03 
          Brown, black 17 52 0.43±0.14 0.40±0.17 0.36±0.12 0.28±0.12 0.10±0.10 0.06±0.05 0.02±0.03 
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Caucasians vs. Non-Caucasians MPOD  
MP (Degrees Eccentricity) T-Stat P  
0° 0.82 0.42 
0.25° 0.55 0.59 
0.5° 0.74 0.47 
1° 0.34 0.73 
Table 4-2: T-test results between MPOD values of Caucasians vs. Non-Caucasians subjects. There were 
not any significant differences.  
  
                        Subject Groups 
MP (OD/°eccentricity) Abbrev. Cauc. v Non-Cauc.          F. vs M. 
Integrated MPOD IMPOD t=-0.46        p=0.65 t=0.3        p=0.76 
Average MPOD AMPOD t=-0.0003    p=0.1 t=0.3        p=0.76 
Table 4-3: T-test results between MPOD integrated and average between the foveal center and 3º 
Caucasians vs. Non-Caucasians subjects and Male vs. Female subjects. 
 
 
 
Figure 4.18 MPOD distribution for all subjects grouped according to ethnicity. 
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Figure 4.19  MPOD distribution for all subjects grouped according to gender. 
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Figure 4.20 Subjects grouped as having either an exponential, shoulder, or shoulder profile are show in 
Figure 3.18 from (Top) smallest MPOD  slope (Bottom) to greatest MPOD slope.   
Exponentials: Rows 1-4 and first column of Row 5. Shoulders: Rows 5-7. Trimodal: Rows 
8-9. 
4.4.1.2 Reproducibility of Scans 
A subset of subjects (n=9) was imaged using the HRA to examine the 
reproducibility of the macular pigment measurements and spatial profile. A minimum of 
two HRA two-wavelength AF scans were collected from each subject on at least two 
different days within a month period. Figure 4.21 shows an example of the average of 
MPOD spatial profiles for the same subject imaged on three different days. Scans 
collected in the same day were averaged together and are shown in Figure 4.22. MPOD 
maps collected on the same day were averaged together to look at the standard deviation 
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of MPOD with eccentricity (Figure 4.23).  The figures in Figure 4.23 are arbitrarily 
selected. 
 
Figure 4.21 MPOD spatial profiles collected from healthy subject (subject 12) on three different days.  
              
Figure 4.22 Average of MPOD spatial profiles for each day (subject 12). 
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Figure 4.23 Scans repeated on the same day were averaged together to look at the standard deviation of 
MPOD with eccentricity. Figures were arbitrarily selected.  
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Figure 4.24 The spatial profile of MPOD as a function of eccentricity was compared for each method. 
There was a close relationship between the MPOD spatial profiles measured using cHFP 
and two-wavelength AF, including details of the shape of the profile. Figures were selected 
for best visual agreement of HFP and HRA measurement.  
The spatial profile of MPOD as a function of eccentricity was compared between 
cHFP and HRA (two-wavelength AF) in a subset of subjects (n=26) (Figure 4.23). The 
entire study group (n=33) was not included because of equipment limiting circumstances. 
The computer hard drive with the software used collect the measurements died in 
addition to a major component dichroic filter breaking.  Bland-Altman analysis was used 
to determine the level of agreement between cHFP and HRA MPOD measurements at 
discrete eccentricities from the fovea (0.25º, 0.5º, 1º, and 1.75º) shown in Figure 4.25. 
MPOD measurements from the HRA were derived from the radial analysis of one 
dimensional MPOD spatial maps for the Bland-Altman analysis. There was a mean 
MPOD difference of 1.67, 0.08, 0.032, and 0.010 for measurements collected at 0.25º, 
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0.5º, 1º, and 1.75º, respectively. There was a close relationship between the MPOD 
spatial profiles measured using cHFP and two-wavelength AF, including details of the 
shape of the profile. The cHFP method typically had greater OD measurements in 
comparison to the two-wavelength AF method.  
 
 
 
Figure 4.25 The level of agreement of MPOD measured using cHFP and HRA at discrete eccentricities 
were compared using Bland-Altman plots. 
4.4.2 Foveal Measurements 
 The minimal retinal thickness (MFT) is the average minimum value at the 
intersection of a six OCT line radial scans. The central foveal thickness (CFT) is the 
average retinal thickness within a 1 mm diameter zone centered on the foveal pit. The 
distribution of the foveal measurements MFT, CFT, and the two foveal width measures 
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(FWPP and FWNFL) for all 33 subjects are summarized in Table 4.4. and plotted in 
Figures 4.26-4.28.  The mean MFT and CFT for the entire study group was 225.76± 21.1 
µm and 274.92±25.1 µm, respectively. Both measures of the mean foveal width as FWPP 
and FWNFL were 1.96±0.22 and 1.18±0.01 mm, respectively. There were no significant 
differences in any of the foveal measurements between Caucasian and non-Caucasian 
subjects (Table 4.5). T-tests of foveal measures resulted in a significant difference in CFT 
between males and females (Table 4.6) but not for FWPP and FWNFL. The agreement 
between FWNFL and FWPP measurements was significant (r=0.54,P=0.001) (Table 4.7). 
Table 4.4: Foveal measurements (MFT, CFT, and Foveal Width (both measures)) for entire study group. 
MFT and CFT units in µm. Foveal Width measurements in mm. 
Characteristic n % MFT CFT Measure 1 (NFL to NFL) Measure 2 (Peak to Peak) 
Entire Study Group 33 100 225.76±21.1 274.92±25.1 1.18±0.1 1.96±0.22
Ethnic Background
Caucasian 21 66 226.13±25.3 275.76±25.2 1.20±0.2 1.96±0.25
Non Caucasian 12 34 225.04±26.0 252.34±39.8 1.16±0.1 1.96±0.17
Sex
Male 24 78 229.19±22.5 280.26±26.0 1.17±0.2 1.93±0.21
Female 9 22 216.84±11.9 263.28±18.4 1.23±0.1 2.10±0.20
Foveal Width
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Figure 4.26 Distribution of MFT measurements for all subjects (n=33). Exponential, shoulder, and 
trimodal classified subjects are labeled with blue, green, and pink markers, respectively.  
 
 
Figure 4.27 Distribution of CFT measurements for all subjects (n=33). Exponential, shoulder, and 
trimodal classified subjects are labeled with blue, green, and pink markers, respectively. 
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Figure 4.28 Distribution of FWPP measurements for all subjects (n=33). Exponential, shoulder, and 
trimodal classified subjects are labeled with blue, green, and pink markers, respectively. 
 
Table 4.5: T-test comparing foveal measurements for Caucasians vs. non-Caucasians. 
Caucasians v Non-Caucasians t P
CFT 0.74 0.46
MFT 1.7 0.76
FWPP -0.68 0.5
FWNFL 0.007 0.99  
 
Table 4.6: T-test comparing foveal measurements for Male vs. Female. 
Foveal Measurements Abbreviation Female vs. Males
Central Foveal Thickness CFT t=-1.68   p=0.1
Minimal Foveal Width MFT t=0.11    p=0.23
Foveal Width (Peak to Peak) FWPP t=1.21    p=0.23
Foveal Width (Nerve Fiber Layer) FWNFL t=0.22    p=0.83  
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Table 4.7: Correlation of both measures of foveal width (subjective versus objective measures). 
Foveal Measurements (µm) r p
FWNFL v FWPP 0.54 0.001*
Foveal Width Measures
 
 
4.4.3 Relationships between MPOD and Foveal Measurements 
The relationships between MPOD and foveal measurements were examined for 
all subjects (n=33) and in a subset of subjects (n = 22) in which foveal architecture was 
examined from specific retinal layers (ONLS, ORT, and FPS). Comparisons between 
MPOD and foveal architecture were examined in the group as a whole and between the 
race and gender group categories.  
4.4.3.1 Association between Foveal Thickness and MPOD  
Discrete MPOD values were extracted from one dimensional radial line scans 
(0.05º, 0.25º, 0.5º, and 1º) to determine the correlation with foveal measures of CFT and 
MFT. There was not any significant (P<=0.05) relationship between MPOD and CFT or 
MFT out to 1º eccentricity (Table 4.8). The relationship was close to statistical 
significance between MFT and MPOD (0.5º) (r=0.63, P=0.06) and between CFT and 
MPOD within a 0.5º annular diameter (r = 0.63, p=0.07) in female subjects. However, 
average MPOD within a 1º annular radius displayed a significant relationship with CFT (r 
= 0.45, p=0.04) in Caucasian subjects (Table 4.9).  There was not any relationship 
revealed between IMPOD at 2º or 3º and foveal width (Table 4.10). 
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Table 4.8: Correlation of both measures of foveal thickness (MFT and CFT) to MPOD measured closest to 
the fovea (0.05º-1º). 
Study Group MFT CFT
Entire Study Group (n=33)
  MPOD (0.05°) r=0.25   p=0.17 r=0.27   p=0.13
  MPOD (0.25°) r=0.20   p=0.25 r=0.20   p=0.26
MPOD (0.5°) r=0.11   p=0.52 r=0.09   p=0.63
MPOD (1°) r=-0.24  p=0.18 r=-0.21  p=0.23
Male subjects (n=24)
  MPOD (0.05°) r=0.12   p=0.59 r=0.22   p=0.31
  MPOD (0.25°) r=0.04   p=0.87 r=0.08   p=0.70
MPOD (0.5°) r=-0.07 p=0.73 r=0.08   p=0.70
MPOD (1°) r=-0.38   p=0.08ᶧ r=-0.28  p=0.21
Female subjects (n=9)
  MPOD (0.05°) r=0.37   p=0.33 r=0.45   p=0.21
  MPOD (0.25°) r=0.47   p=0.19 r=0.55   p=0.13
MPOD (0.5°) r=0.63   p=0.06ᶧ r=0.54   p=0.13
                  MPOD (1°) r=-0.17   p=0.58 r=-0.13  p=0.67
Caucasian subjects (n=21)
  MPOD (0.05°) r=0.36   p=0.11 r=0.38   p=0.08
  MPOD (0.25°) r=0.24   p=0.28 r=0.21   p=0.36
MPOD (0.5°) r=-0.01   p=0.95 r=0.01   p=0.96
                  MPOD (1°) r=0.10   p=0.62 r=-0.15  p=0.48
Non-Caucasian subjects (n=12)
  MPOD (0.05°) r=0.02  p=0.94 r=0.10   p=0.75
  MPOD (0.25°) r=0.17   p=0.60 r=0.19   p=0.56
MPOD (0.5°) r=0.28   p=0.36 r=0.32   p=0.31
                  MPOD (1°) r=-0.005   p=0.99 r=0.006 p=0.98
ᶧP-values moderately significant  
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Table 4.9: Correlation of CFT and the average MPOD value measured within the 0.5° and 1° radial area. 
  
Study Group CFT 
Entire Study Group (n=33)
  MPOD (0.5°) r=0.05   p=0.78
  MPOD (0.1°) r=-0.29  p=0.10
Male subjects (n=24)
  MPOD (0.5°) r=-0.06  p=0.77
  MPOD (0.1°) r=-0.27  p=0.12
Female subjects (n=9)
  MPOD (0.5°) r=0.63   p=0.07ᶧ
  MPOD (0.1°) r=0.37   p=0.33
Caucasian subjects (n=21)
  MPOD (0.5°) r=-0.19   p=0.40
  MPOD (0.1°) r=-0.45   p=0.04*
Non-caucasian subjects (n=12)
  MPOD (0.5°) r=-0.37   p=0.24
  MPOD (0.1°) r=-0.07   p=0.82
*statistically significant 
ᶧmoderatly significant   
 
Table 4.10: Correlation results between IMPOD at 2º or 3º and foveal width. 
 
Foveal Measurments Abbreviation IMPOD (out to 2°) IMPOD (out to 3°)
Foveal Width (Nerve Fiber Layer) FWNFL r=-0.03   p=0.82 r=-0.11   p=0.53
Foveal Width (Peak to Peak) FWPP r=0.16    p=0.41 r=0.08     p=0.67  
 
4.4.3.2 Relationship between MPOD Changes with Eccentricity and Foveal 
Architecture  
The MPPS was extracted from one-dimensional MPOD radial density profile line 
plots. The slope was measured between 0.25º and 1º eccentricity from the foveal center 
and is listed here in units of optical density per micron (OD/𝜇m) (Figure 4.29). The 
MPPS was significantly related to both measures of the foveal width (r = 0.59, P = 0.004; 
r = 0.51, P =0.02) and inversely related to CFT (r = -0.61, P = 0.003) and MFT (r = -0.62, 
P = 0.003) (Table 4.12). In addition, the MPPS was significantly related to the outer 
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nuclear layer thickness slope (ONLS) (r = 0.67, P = 0.0008) and outer retinal thickness 
slope (ORTS) (r = 0.64, P=0.0016) but not the full retinal thickness foveal slope (FPS) (r 
= 0.11, P= 0.61). The FWHM of the MP was also significantly related to FWPP (r = 0.42, 
P=0.01). All results are listed in Table 4.11.  
 
 
Figure 4.29 The MPPS (ΔY/ΔX) was determined using the distance difference (ΔX) between 0.25˚ 
(77.5 µm) and 1˚ (310 µm) from the foveal center at the base of the MPOD profile (zero 
value). A line drawn perpendicular to the base of the MPOD distribution (zero value) up to 
the MPOD value at 0.25˚ (0.50 OD) and 1˚ (0.42 OD) was used to determine the 
differences in the MPOD value (ΔY). For this subject the MPPS was -0.00035 OD/µm. The 
same method was used to determine the ONLS, ORTS, and FPS from one dimensional 
radial plots of the ONL+MD, Outer Retinal, and Full Retinal thickness, respectively.  
 
 
 
 159 
 
Table 4.11: Correlation of MPOD FWHM with Foveal Width. 
Foveal Measurement Abbreviations r p
Foveal Width NFL FWNFL 0.30 0.09
Foveal Width PP FWPP 0.42 0.01*
*statistically signficant  
 
Table 4.12: Correlation of MPPS (OD/μm) with Foveal Measurements. 
Foveal Measurements Abbreviations r p
Foveal Width NFL FWNFL 0.54 0.001*
Foveal Width PP FWPP 0.35 0.05*
Central Foveal Thickness CFT -0.59 0.0003*
Minimal Foveal Thickness MFT -0.62 0.0003*
Foveal Slope (Total retinal thickness/µm) FPS -0.11 0.61
Outer Retinal Thickness Slope (OR thickness/µm) ORTS 0.8 0.0001*
Outer Nuclear Thickness Slope (ONL thickness/µm) ONLS 0.51 0.01*
*statistically significant  
 
4.4.3.3 Relationships among Retinal Layers and Foveal Architecture 
The foveal slope of the full retinal thickness (FPS) and the foveal width peak to 
peak (FWPP) (r = -0.475, P = 0.03) was the only significant relationship FPS had to any 
other foveal measure in this study (Table 4.13). Correlations of the outer nuclear layer 
thickness slopes (ONLS) to foveal measures of FWNFL, FWPP, and CFT were examined 
(Table 4.14). There was a significant relationship between ONLS and FWPP (r = 0.51, P 
= 0.02), FWNFL (r = 0.75, p = <0.0001), CFT (r = -0.55, P = 0.01), and MFT (r = -0.74, 
P = 0.0001). The outer retinal thickness slope was also significantly related to both 
measures of foveal width and thickness (Table 4.15). Significant relationships between 
the both measures of foveal thickness and width are listed in Table 4.16. 
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Table 4.13: Correlation of Foveal Slope (total retinal thickness/ μm ) with Foveal Measurements. 
Foveal Measurements Abbreviations r p
Foveal Width NFL FWNFL -0.36 0.10
Foveal Width PP FWPP -0.48 0.03*
Central Foveal Thickness CFT -0.38 0.08
Minimal Foveal Thickness MFT -0.13 0.57
Outer Retinal Thickness Slope (OR thickness/µm) ORTS -0.03 0.88
*statistically significant  
 
Table 4.14: Correlation of ONLS (ONL thickness/µm) with Foveal Measurements. 
Foveal Measurements Abbreviations r p
Foveal Width NFL FWNFL 0.75 <0.0001*
Foveal Width PP FWPP 0.51 0.02*
Central Foveal Thickness CFT -0.64 0.0017*
Minimal Foveal Thickness MFT -0.74 0.0001*
Foveal Slope (Total retinal thickness/µm) FPS -0.06 0.79
*statistically significant  
 
Table 4.15: Correlation of ORTS (OR thickness/µm) with Foveal Measurements. 
Foveal Measurements Abbreviations r p
Foveal Width NFL FWNFL 0.74 0.0001*
Foveal Width PP FWPP 0.43 0.04*
Central Foveal Thickness CFT -0.68 0.0007*
Minimal Foveal Thickness MFT -0.79 < 0.0001*
*statistically significant  
 
Table 4.16: Correlation of Foveal Thickness with Foveal Width. 
Foveal Measurements r p
CFT vs. FWPP -0.70 0.0004*
CFT vs. FWNFL -0.74 0.0001*
MFT vs. FWPP -0.43 0.05*
MFT vs. FWNFL -0.66 0.001*
*statistically significant  
Plots of significant relationships between MPSS and foveal width and thickness 
are shown in Figures 4.30-4.48 below. The first order regression fit between ONLS and 
MPPS was significant (t=3.85, P=0.0011) as well as for CFT and MPPS (t=3.36, P 
=0.0033). The FWPP has a higher and significant correlation than FWNFL and may be 
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due to the subject nature of the FWNFL measurement. The regression fit between FWPP 
and MPPS was also significant (t=2.57, p =0.0187). 
 
 
 
 
Figure 4.30 Plot of MPPS vs ONLS (t=3.85, p =0.0011). 
 
Figure 4.31 Plot of MPPS versus CFT (t=2.57, p =0.0187) .  
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Figure 4.32 Plot of MPPS versus FWPP (t=2.57, p =0.0187).  
 
 
Figure 4.33   Plot of MPPS versus FWNFL (t=3.26, p =0.0041)  
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Figure 4.34 Plot of MPPS versus MFT (t=-3.42, p =0.0029).  
 
 
Figure 4.35 Plot of MPPS versus ORTS (t=3.69, p =0.0016).  
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Figure 4.36 Plot of FWPP versus FS (t=-2.35, p =0.0295).  
 
Figure 4.37 Plot of ONLS versus FWNFL (t=4.94, p =<0.0001).  
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Figure 4.38 Plot of ONLS versus FWPP (t=2.56, p =0.019).  
 
Figure 4.39 Plot of ONLS versus CFT (t=-3.64, p =0.00017).  
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Figure 4.40 Plot of ONLS versus MFT (t=-4.82, p =0.0001).  
 
Figure 4.41 Plot of ORTS versus FWNFL (t=4.8, p =0.0001).  
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Figure 4.42 Plot of ORTS versus MFT (t=-5.71, p =<0.0001).  
 
Figure 4.43 Plot of ORTS versus FWPP (t=2.11, p =0.0486).  
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Figure 4.44 Plot of ORTS versus CFT (t=-4.06, p =0.0007).  
 
Figure 4.45 Plot of CFT versus FWPP (t=-4.33, p =0.0004). 
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Figure 4.46 Plot of CFT versus FWNFL (t=-4.85, p =0.0001).  
 
Figure 4.47 Plot of MFT versus FWNFL (t=-3.87, p =0.0001).  
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Figure 4.48 Plot of MFT versus FWPP (t=-2.07, p =0.1413).  
4.4.4 Co-registration Results 
The MPOD spatial profiles and the macular pit foveal layers were visually and 
statistically compared for similarity within a 1 mm area central to the foveal pit. A two 
dimensional correlation coefficient was calculated between the MPOD spatial profile 
(gray scale pixel intensity) and the outer retinal layer thickness maps for the subset of 
subjects (n=22) for which retinal segmentation was performed. The range of the 2D 
correlation values (Table 4.17) was r = 0.55-0.84. A few examples of the 2D and 3D co-
registration results are shown in Figures 4.49 - 4.50 below. The images are co-registered 
and therefore are on the same scale.  
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Outer Retina 
Subject 2D Correlation Coefficient
Subject 0.67
BB 0.72
41 0.80
GMP 0.75
MM 0.61
3 0.61
7 0.68
12 0.65
13 0.67
16 0.78
17 0.57
18 0.78
19 0.55
21 0.84
27 0.74
29 0.6
31 0.68
36 0.85
38 0.68
42 0.82
45 0.76
46 0.77  
Table 4.17 Two dimensional correlation coefficients between outer retinal thickness and 2D MPOD spatial 
maps (intensity). 
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Figure 4.49 2D MPOD spatial profiles and outer retina layer thickness comparison for a subset of 
subjects.  
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Figure 4.50 3D MPOD spatial profiles and outer retina layer thickness comparison for a a subset of 
subjects. Subject 45 and 21 were classified as having an exponential MPOD spatial profile. 
Subjects SMM and S46 were classfied as having an trimodal MPOD profile.  
4.4.5 Noise Characterization 
4.4.5.1 Dark Noise and Fixed Pattern Noise 
The front objective of the HRA system was covered and the laser was not turned 
on to collect images of the dark noise. The HRA system was allowed to warm up 20 
minutes prior to collecting dark images frames. A single frame and grayscale histogram is 
shown in Figure 4.51 below. The average grayscale value was 7.1±5.6. To examine the 
temporal aspect of the noise, 100 image frames were collected and the mean and standard 
deviation of the image stack was calculated. The image on the left and right of Figure 
4.52 is the mean and standard deviation of 100 image frames. The noise presents itself as 
a sinusoidal pattern. The PDFs of the image stack standard deviation (noise) and image 
gray levels are shown in figure 4.53. To examine whether the pattern is present in images 
collected with the laser on, an artificial eye was set up at best focus and ideal sensitivity. 
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The pattern was present in the standard deviation image of 100 blue light images (Figure 
4.54).  
 
 
Figure 4.51 Single dark image (20º FOV) collected with objective covered and without laser on and 
histogram distribution.   
 
Figure 4.52 Mean and standard deviation of 100 dark images (20º FOV) collected with objective 
covered and without laser on.  
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Figure 4.53 PDFs of dark images (100 frames) mean pixel intensity and standard deviation . 
Possible sources of the sinusoidal patterned noise includes intereference between 
the electronic components. Other possibilites include voltage fluctuations of the 
galvonometer scanners. To test the former hypothesis, scans collected at 10º and 30º field 
of views were examined for the presence of the noise pattern or a difference in the pattern 
as a result of the differences in the voltages needed to move the galvanometers for the 
larger and smaller field size (Figure 4.56). The pattern was similar to the pattern in the 
20º scan indicating interence from neighboring electronics may introduce noise to the 
detector. 
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Figure 4.54 (Top Left) Artificial eye image (20º FOV) of a dollar bill at the focal plane of the retina. 
Mean (Top Right) and standard deviation (right) of 100 green images. (Bottom Left) PDf of 
the pixel intensities for the mean image (Bottom right) PDF of the image stack standard 
deviation. 
 
Figure 4.55 (Left) Plot of the mode standard deviation value of each pixel itensity in the entire image 
region. Note the prescence of two lines indicative of the stripping in the S.D. image above. 
(Right) Pixels were sampled from bands of similar standard deviation within the image and 
plotted as the mode of the standard deviation for each pixel intensity value. Note the 
disappearance of one of the lines.  
 178 
 
Figure 4.56 (LEFT)Artificial eye standard deviation image of a 10º FOV(Left) and 30º FOV (Right)  of 
a dollar bill at the focal plane of the retina. 
 
Figure 4.57 Noise variance and SNR versus pixel intensity for a 100 average green image. 
 Matlab code was written to extract the mean value for each pixel from the 
entire stack of the green artficial eye 20º FOV images (100 values) shown in Figure 4.56 
and plot against the mode of the standard deviations for each intensity values (Figure 
4.57). The noise variance increases quadratically with pixel intensity. Also, the the signal 
to noise ratio (SNR) increases with pixel intensity. The SNR is low for images with poor 
illumination and could present problems for misaligned and out of focus images.  
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4.4.5.2 Photon Noise and Variation with Wavelength 
To inspect even further, blue and green images collected from subjects were 
examined for the effect of the fixed pattern noise on macular pigment measurements. The 
noise was apparent in single frames. Below in figure 4.58 is a single blue image from a 
subject. The image is a map of 3x3 image regions reassigned a grayscale value which was 
the difference between the maximum and minimal pixel grayscales values of the 3x3 
region. The noise is observable in the image frame.  
 
 
Figure 4.58 Single blue image frame mapped as the difference in the maximum and minimum intensity 
values in a 3x3 region. The noise pattern is observable in the single frame.  
Blue and green image sets (12 Frames) from a single human subject were co-
registered and averaged in groups of 2, 4, 8, and 12 (Figure 4.59).   
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Figure 4.59 Blue image frames averages: (Top left) 2 frames (Top right) 4 frames, (Bottom Left) 8 
frames, (Bottom Right) 12 Frames. 
The pixel mean and standard deviation was used to calculate the CV for 5x5 
images regions for each set of the blue (Figure 4.60) and green (Figure 4.63) averaged 
images. The standard deviation from each 5x5 image regions was pooled to create PDFs 
(Figure 4.61 and 4.65) of the standard deviation (grayscale value) for each of the 
averaged images (0-255). The CV and shot noise of the ratio of the averaged green 
images to blue images was calculated and was compared to blue and green averaged 
frames individually. Finally, the log of the noise was also compared.  
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Figure 4.60 CV map of  blue image 5x5 pixel regions of (A) 2 frame, (B) 4 frame, (C) 8 frame, and (D) 
12 frame mean images. 
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Figure 4.61 PDFs of standard deviation in local 5x5 image region for blue frame averages (2-12).  
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Figure 4.62  Shot noise maps of 2, 4, 8, and 12 frame average blue images. The shot noise decreases by 
8% maximum with increasing frame averages.  
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Figure 4.63 CV map of green image 5x5 pixel regions of (A) 2 frame, (B) 4 frame, (C) 8 frame, and (D) 
12 frame mean images. 
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Figure 4.64 Shot noise maps of 2, 4, 8, and 12 frame average green images. 
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Figure 4.65 PDFs of standard deviation in local 5x5 image region for green frame averages (2-12) . 
 
 
Figure 4.66 Effect of (Left): Implementaiton of equation 8 to show the standard deviation of the MPOD 
spatial images. (Right): Median filtered image of standard deviation MPOD map.  
.  
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Noise PDFs for each of the frame averaged images indicate the blue images were 
more likely to display a greater fluctuation in image pixel values when compared to the 
green. The fluctuation value between green and blue were similar (~10-20 grayscale pixel 
values). The maximum CV value was noted for each of the frame averaged blue and 
green images. Increasing the frame average from 2 to 12 frames improved the CV by 
16.7% and 36% for blue and green frames, respectively. Chromatic aberration may 
account for difference in focus and thus the noise. The shot noise was greater at lower 
image intensity values for both the green and blue images. Calculating the standard 
deviation of the log of the ratio of green to blue images is shown in Figure 4.66 along 
with the reduction of the noise using a median filter. 
4.4.5.3 Detector and Focus Effects  
To look at external factors such as image alignment, focus, and detector sensitivity, an 
artificial eye was used to control for each of the parameters experimentally. Five different 
detector sensitivities were used and the focus was varied from 3 to 11 Diopters in 
increments of every 2 Diopters (5 settings). The text matrix of focus versus sensitivity 
resulted in 25 scenarios examining the distribution of the noise for blue and green 
images. Figure 4.67 below shows blue images of the dollar bill collected for five different 
detector sensitivities.  
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Figure 4.67 Dollar bill retinal image target image with blue light at five different detector sensitivities.  
For the first part of the experiment, the sensitivity was held at a constant setting as the 
focus was adjustment setting was changed from 3, 5, 7, and 11 Diopters. The flat regions 
of the image were sampled to examine the pixel intensity values (0-255) versus the mode 
standard deviation for each value. The best image focus was 11 diopters and each of the 
detector sensitivities were varied from settings one to 5 (S1-S5) (Figure 4.68-A-B). Pixel 
values tended to fluctuate at the greater pixel intensities. The S2 setting produced more 
deviations in pixel values compared to the other four settings.  
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Figure 4.68 Each plot is the mode of the standard deviation (sigma) for each gray scale pixel intensity 
value (0-255) sampled from “flat” image regions. The plots are used to compare image 
noise with respect to detector sensitivity. The focus is held at a constant setting (11 D) for 
each sensitivity setting (S1-S5). Starting from top (A)S1 11D (B) S2 11 D (C) S3 11D (D) 
S4 11 D (E)S5 11D. 
A B 
C D 
E 
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For the next set of experiments, the detector sensitivity was held constant (S1) while 
the focus was adjusted from 3, 5, 7, 9, and 11 diopters for blue and green images. 
Changes in focus with respect to detector sensitivity produced more noise than detector 
sensitivity changes alone (Figure 4.69). A visual example of the CV for a set of blue 
images is shown in Figure 4.70. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 191 
 
 
Figure 4.69 Each plot is the mode of the standard deviation (sigma) for each gray scale pixel intensity 
value (0-255) sampled from “flat” image regions. The plots are used to compare image 
noise with respect to differences in focus. The detector sensitivity (S1) is held at a constant 
setting (11 D) for each sensitivity setting (S1-S5). Starting from top (A)S1  11D (B) S2 11 
D (C) S3 11D (D) S4 11 D (E)S5 11D. 
 
 
A B 
C D 
E 
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Figure 4.70 Retinal target CV changes with defocus. The detector sensitivity was held at setting 1 (S1).  
An Example of defocus effects on MP profiles are shown in Figure 4.71 below. 
All images were taken from the same subject with similar grayscale values for 
comparison. The top and bottom row of images were collected at -6 Diopters and -9 
Diopters, respectively. The images appear similar with respect to focus but the MPOD 
spatial pixel variations (Figure 4.72) indicate otherwise. The PDF distribution of pixel 
variation show greater fluctuation in pixel noise for the -9D MPOD set in comparison to 
the -6D MPOD image. Figure 4.73 is a colored image zoomed in comparison of the 2D 
spatial profile. The difference in focus decreases the signal to noise ratio changing the 
appearance of the 2D MPOD spatial profile  
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Figure 4.71 Blue (top) and Green (bottom) 16 frame average collected from one subject on the same 
day. Focus of top row is -6 D and bottom row is -9D. Corresponding MPOD map is on the 
far right.  
 
Figure 4.72 PDFs of 2D MPOD maps corresponding to differences in noise because of defocus. 
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Figure 4.73 Close of view of 2D spatial distribution for same subject shown in two previous figures.  
4.4.5.4 Misalignment 
Beam misalignments with respect to the subject entrance pupil can clip portions 
of the incoming beam reaching the back of the eye. As a result, the retina will not be 
uniformly illuminated. In addition, the curvature of the retina could exaggerate the non-
uniformities of illumination. As a possible outcome, the MPOD could appear to be 
greater on one side of the fovea depending on the illumination angle. To test the effect of 
beam misalignment, the artificial eye was set up with the beam aligned with the optical 
axis of the incoming laser and then off axis.  Figure 4.74 shows the effect of beam 
misalignment on variation in pixel intensity values. Higher gray scale intensity values 
were more likely to have noise fluctuations compared to darker regions. Visual inspection 
of the retinal target shows a “noise gradient” that spans across the image.  
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Figure 4.74 Effects of misalignment on image noise. (Top Left) CV map of aligned retinal target image. 
(Top Right) CV map of mialigned image. (Bottom Left) Plot of pixel versus respective 
mode sigma value for the aligned image. (Bottom Right) Plot of grayscale pixel intensity 
value (0-255) versus respective mode of the standard deviation (sigma) value for the 
misaligned image. 
An example of misalignment effects in MPOD measurements collected from the 
same subject are show in Figure 4.75-4.76 below. The blue and green images collected 
from one subject on the same day are show in Figure 4.75 below. The respective 2D 
spatial maps are shown in Figure 4.76. MPOD map 1 is slightly misaligned in 
comparison to the other two maps. A zoomed in color map in Figure 4.77 shows the 
difference in the MPOD spatial distribution in comparison to the other two maps. There 
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appears to be more macular pigment on the right half of the spatial profile in comparison 
to the left side.  
Figure 4.75 Blue (top) and Green (bottom) 16 frame average collected from one subject on the same 
day.  
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Figure 4.76 2D MPOD spatial maps corresponding to previous image. The top left is slightly 
misaligned.  
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Figure 4.77 2D MPOD spatial maps corresponding to previous image. The top left is slightly 
misaligned and has effect of the spatial distribution.  
4.5 DISCUSSION 
This study is the first to compare macular pigment optical density spatial profiles 
and measurements using the two-wavelength autofluorescence method with foveal layers 
architecture using high resolution SD-OCT imaging. In addition, cHFP was used to verify 
the absolute MPOD measurements discrete eccentricity values and to compare the 
similarity of spatial profile measurements. Results presented here compare only 
relationships using AF measurements and foveal architecture. Previous studies
132,124,133,134
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have investigated the role of MPOD spatial distribution and retinal architecture using 
HFP, OCT, and fundus autofluorescence (FAF). 
 Our mean MPOD for the entire study group of 0.46±.13 and 0.41±0.13 at 0.05º 
and 0.25º eccentricity, respectively are comparable to other studies
132,124,133,134
.  Liew et 
al. investigated the relationship between MPOD and central foveal thickness (CFT) and 
minimal foveal thickness (MFT) in a study of 308 female volunteers (612 eyes). Their 
results show MPOD at 0.5° was positively and significantly related to MFT and CFT, 
when measured with HFP. Similarly, they found that peak MP, measured with 
autofluorescence, was positively and significantly related to MFT and CFT and that the 
average MP for the central 1° area was positively and significantly related to MFT and 
CFT. They suggested that the amount of MP at the fovea may be related to retinal 
thickness at the central foveal depression. A subsequent study by Nolan et al.
124
 using 60 
subjects reported that the foveal width was significantly related to the foveal macular 
pigment when measured using cHFP. A possible explanation is that wider foveas have 
longer cone axons and may accumulate more macular pigment. In addition, MPOD 
measured at 0.5º eccentricity was unrelated to foveal thickness in the entire study group. 
However, when the data was analyzed for non-Caucasian subjects, there was a significant 
relationship between MPOD and minimal foveal thickness (MFT) and central foveal 
thickness (CFT) at 0.25º and 0.5º eccentricity. In Caucasian subjects, there was not any 
association found between MPOD and either MFT or CFT. Our results did not find any 
significant relationship between MFT or CFT with MPOD at 0.5° but do agree in that the 
central 1° area was positively and significantly related to CFT in female subjects.  
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The macular pigment distribution varies as a single central peak that decreases 
with eccentricity or as a bimodal distribution with a central peak surrounded by an 
annulus of high density
50,51
. There is evidence of a gender relationship associated with the 
unimodal or trimodal macular pigment distribution in that women are more likely to 
exhibit the trimodal distribution and have wider foveas
135
, but other studies show no 
statistical difference in foveal width between males and females
136
. The central peak is 
associated with macular pigment distributed in the receptor axons and the secondary peak 
(annulus) is thought to indicate macular pigment distributed in the interneurons of the 
inner-plexiform layers
51
. The macular pigment distribution has been shown to broaden 
with age
135
 and that these effects are more pronounced in women. It has been 
hypothesized that the distribution of foveal cone pigment and macular pigment changes 
with age because of changes in foveal architecture, most notably at the foveal center, and 
that retinal defects change the retinal structure as well
137
. Foveal changes in the 
distribution of cone photopigments and macular pigment were shown to be greatest 
among older people and women, and that the altered distribution in pigments were 
consistent with a change in the foveal architecture that resulted in a flattened fovea and a 
thinned photoreceptor layer in the central fovea
137
 .Ethnicity has also been shown to play 
a role in the MPOD spatial distribution between non-Hispanic white subjects and African 
subjects
136,138
.The spatial distribution of MP might be of greater importance for the 
putative protective effect against the disease than the absolute amount of MP in single 
locations.  
A later study by Kirby et al.
132
 went on to investigate the relationship between 
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foveal architecture and the spatial profile of macular pigment in 16 subjects. The foveal 
width, foveal thickness, macular pigment profile slope (MPPS) and foveal pit profile 
slope (FFPS) each were correlated with MPOD and spatial profile of MP. Results of the 
study show that secondary peaks in the MP spatial profile are related to foveal width and 
not necessarily gender as previously thought
135
 but limited sample size warrants further 
investigation. In addition, the slope of the foveal depression is related to the MP spatial 
profile. Again, there was not any statistically significant relationship between central 
foveal thickness (CFT) and mean MPOD at any degree of retinal eccentricity. Our results 
show that the slope of the macular pigment spatial profile (MPPS) is significantly related 
to the foveal width, foveal thickness, and the slope of the outer nuclear layer (ONLS).  
The most recent study
133
 has further cast ambiguity as to the relationship between 
MPOD and CFT and MFT in a study of 40 Caucasian subjects. MPOD measured using 
HFP was correlated positively and significantly with CFT and MFT thus supporting 
Liew’s results134. Even more, there was not a significant correlation between MPOD and 
foveal width as indicated by Nolan
124
. Differences in OCT imaging devices, HFP 
devices, scanning protocols, measurement software, and misalignments could all 
contribute and confound the differences between each of the studies. The role of ethnicity 
and subject selection plays a role in the MPOD and retinal thickness relationship and 
could explain the variation in the results. Ethnicity has also been shown to play a role in 
the MPOD spatial distribution between non-Hispanic white subjects and African 
subjects
136,138
. 
To understand limitations of the HRA to measure the spatial distribution of the 
macular pigment, characterization of the 2D spatial profile with respect to instrument 
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settings and alignment allowed us to compare noise and signal to noise ratio in our 
measurements. Focus was the greatest contributor to noise as was misalignment in 
changing the distribution of the MPOD spatial profile. Future systems should consider 
software screen indicators with feedback on best focus. Clinicians collecting MPOD 
measurements using autofluorescence spectrometry should take care to ensure the proper 
alignment and focus prior to collecting image sets.  
4.6 CONCLUSION 
The slope of the macular pigment distribution which is greatest in subjects with a 
trimodal profile and smallest in subjects with an exponential profile was significantly 
related to foveal width. The strongest relationship was between the shape of the macular 
pigment distribution (slope) and the slope of the outer nuclear layer. The presence of a 
dip in the ONL profile was associated with either a plateau or trimodal profile. Subjects 
with an exponential profile did not have a dip in the central ONL thickness. This was true 
regardless of race or gender. Future studies should compare all the foveal layers.   
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Chapter 5: Future Directions 
It is unclear whether the blue light damage study within chapter two was purely 
photochemical and photothermal or strictly photothermal. Future studies of light induced 
damage regimes should focus on monitoring photochemical damage in the retina using 
AO SD-OCT and high resolution AO cSLO autofluorescence imaging. In addition, a 
secondary measurement of photoacoustic microbubble formation should be used to 
compliment in vivo imaging of short pulse imaging. The frame rate within this study was 
too long to definitively say it was microbubble formation. In addition, careful histological 
sections of the retina following laser injury should be collected to explain the “threading” 
resulting from an index refractive change observed in OCT images. The threading is most 
likely swelling and Muller cell reaction to injury but it is not really know at this point. 
The fluorescent cell population observed in the cis-NF-kB-EGFP mouse should 
be verified. If it is in fact peripheral white blood cells, future studies of retinal injury 
should monitor the immune response in vivo. Such a study would allow insight into the 
in vivo time course of retinal repair that has not been studied before. In addition, 
understanding the stages of the localization of photochemical damage in comparison to 
thermal damage could provide insight into differences in the stress response between the 
types of light damage. Other studies could include monitoring ischemia mediated NF-kB 
activation in the retina
139
. Understanding the NF-kB response to ischemic injury in vivo 
using this mouse model could be used to understand the pathophysiology of ischemia in 
retinal disease and develop potential therapies 
140
.  
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Future studies of macular pigment in relation to foveal architecture should 
investigate the inner and plexiform layers in addition to the outer nuclear layer. 
Investigating the anatomical reasoning for the MPOD spatial distribution in relation to 
the development of retinal disease such as AMD would be an important study. 
In our study, young non-Caucasian subjects with darker skin (as indicated by 
questionnaire) had low retinal autofluorescence. In some cases, it was impossible to 
measure macular pigment in potential subjects. These subjects were excluded from 
possible inclusion in the study because measuring the MPOD was not possible. A 
possible reason could be melanin pigmentation differences based on ethnicity. A previous 
study by Weiter et al.
141
 found the RPE melanin was similar between blacks and whites, 
but the lipofuscin concentration was greater in whites. Also, blacks had a significantly 
greater amount of melanin in the choroid in comparison to whites. A small study should 
seek to understand the role of pigmentation differences in the retina in possibly obscuring 
two-wavelength MPOD measurements.  
Other future studies could relate the macular pigment shape and distribution to the 
ratio of foveal to parafoveal autofluorescence. The reasoning for localized depression in 
autofluorescnce in the center of fovea is unknown
142
. The reason for the growth of the AF 
depression zone in older subjects may be possibly related to the macular pigment spatial 
distribution but remains unstudied. A hypothesis by Keilhauer
142
 raises the possibility the 
lower AF is a secondary result of protection of the retina from short-wavelength light by 
the macular pigment with the primary reason being photo-oxidation of the RPE melanin.  
 
 205 
REFERENCES 
 
1. Maher, E. F. Transmission and Absorption Coefficients for Ocular Media of the 
Rhesus Monkey. (1978). 
2. Welch, A. J., Torres, J. H. & Cheong, W.-F. Laser Physics and Laser-Tissue 
Interaction. Tex Heart Inst J 16, 141–149 (1989). 
3. Niemz, M. H. Laser-Tissue Interactions: Fundamentals and Applications. 
(Springer: 2003). 
4. Wu, J., Seregard, S. & Algvere, P. V. Photochemical Damage of the Retina. 
Survey of Ophthalmology 51, 461–481 (2006). 
5. Glickman, R. D. Phototoxicity to the Retina: Mechanisms of Damage. 
International Journal of Toxicology 21, 473–490 (2002). 
6. Hunter, J. J. et al. The susceptibility of the retina to photochemical damage from 
visible light. Prog Retin Eye Res 31, 28–42 (2012). 
7. Youssef, P. N., Sheibani, N. & Albert, D. M. Retinal light toxicity. Eye (Lond) 
25, 1–14 (2011). 
8. Ham, W. T., Jr et al. Basic mechanisms underlying the production of 
photochemical lesions in the mammalian retina. Curr. Eye Res. 3, 165–174 (1984). 
9. Chalam, K. V., Khetpal, V., Rusovici, R. & Balaiya, S. A review: role of 
ultraviolet radiation in age-related macular degeneration. Eye Contact Lens 37, 225–232 
(2011). 
10. Liang, F.-Q. & Godley, B. F. Oxidative stress-induced mitochondrial DNA 
damage in human retinal pigment epithelial cells: a possible mechanism for RPE aging 
and age-related macular degeneration. Exp. Eye Res. 76, 397–403 (2003). 
11. Laser Institute of America. ANSI. American National Standard for Safe Use of 
Lasers ANSI Z136.1-2007. 2007.  
12. Morgan, J. I. W. et al. Light-Induced Retinal Changes Observed with High-
Resolution Autofluorescence Imaging of the Retinal Pigment Epithelium. Invest 
Ophthalmol Vis Sci 49, 3715–3729 (2008). 
13. Eells, J. T. et al. Mitochondrial signal transduction in accelerated wound and 
retinal healing by near-infrared light therapy. Mitochondrion 4, 559–567 (2004). 
14. Peoples, C. et al. Survival of Dopaminergic Amacrine Cells after Near-Infrared 
Light Treatment in MPTP-Treated Mice. ISRN Neurology 2012, 1–8 (2012). 
15. Huang, Y.-Y., Sharma, S. K., Carroll, J. & Hamblin, M. R. Biphasic Dose 
Response in Low Level Light Therapy – An Update. Dose Response 9, 602–618 (2011). 
16. Minatel, D. G., Frade, M. A. C., França, S. C. & Enwemeka, C. S. Phototherapy 
promotes healing of chronic diabetic leg ulcers that failed to respond to other therapies. 
Lasers Surg Med 41, 433–441 (2009). 
17. Hawkins, D. H. & Abrahamse, H. The role of laser fluence in cell viability, 
proliferation, and membrane   integrity of wounded human skin fibroblasts following 
helium-neon laser   irradiation. Lasers Surg. Med. 38, 74–83 (2006). 
18. Lebrun-Julien, F. et al. Excitotoxic death of retinal neurons in vivo occurs via a 
non-cell-autonomous mechanism. J. Neurosci. 29, 5536–5545 (2009). 
 206 
19. Li, S.-Y. et al. Anti-inflammatory effects of lutein in retinal ischemic/hypoxic 
injury: in vivo and in vitro studies. Invest. Ophthalmol. Vis. Sci. 53, 5976–5984 (2012). 
20. Mozaffarieh, M., Sacu, S. & Wedrich, A. The role of the carotenoids, lutein and 
zeaxanthin, in protecting against age-related macular degeneration: A review based on 
controversial evidence. Nutrition Journal 2, 20 (2003). 
21. Snodderly, D. M. Evidence for protection against age-related macular 
degeneration by carotenoids and antioxidant vitamins. Am. J. Clin. Nutr. 62, 1448S–
1461S (1995). 
22. Dietzel, M., Zeimer, M., Heimes, B., Pauleikhoff, D. & Hense, H.-W. The 
ringlike structure of macular pigment in age-related maculopathy: results from the 
Muenster Aging and Retina Study (MARS). Invest. Ophthalmol. Vis. Sci. 52, 8016–8024 
(2011). 
23. Zeimer, M. et al. Profiles of macular pigment optical density and their changes 
following supplemental lutein and zeaxanthin: new results from the LUNA study. Invest. 
Ophthalmol. Vis. Sci. 53, 4852–4859 (2012). 
24. Landrum, J. T., Bonet, R. A. & Kilburn, M. D. The Macular Pigment: A Possible 
Role in Protection from Age-Related Macular Degeneration. Advances in Pharmacology 
Volume 38, 537–556 (1996). 
25. Barker, F. M. et al. Nutritional Manipulation of Primate Retinas, V: Effects of 
Lutein, Zeaxanthin, and n–3 Fatty Acids on Retinal Sensitivity to Blue-Light–Induced 
Damage. Invest Ophthalmol Vis Sci 52, 3934–3942 (2011). 
26. Izumi-Nagai, K. et al. Macular pigment lutein is antiinflammatory in preventing 
choroidal neovascularization. Arterioscler. Thromb. Vasc. Biol. 27, 2555–2562 (2007). 
27. Nakajima, Y., Shimazawa, M., Otsubo, K., Ishibashi, T. & Hara, H. Zeaxanthin, a 
retinal carotenoid, protects retinal cells against oxidative stress. Curr. Eye Res. 34, 311–
318 (2009). 
28. Ozawa, Y. et al. Neuroprotective effects of lutein in the retina. Curr. Pharm. Des. 
18, 51–56 (2012). 
29. Sasaki, M. et al. Neuroprotective effect of an antioxidant, lutein, during retinal 
inflammation. Invest. Ophthalmol. Vis. Sci. 50, 1433–1439 (2009). 
30. Lund, D. J., Stuck, B. E. & Edsall, P. Retinal injury thresholds for blue 
wavelength lasers. Health Phys 90, 477–484 (2006). 
31. Cain, C. P. et al. Visible retinal lesions from ultrashort laser pulses in the primate 
eye. Invest. Ophthalmol. Vis. Sci. 36, 879–888 (1995). 
32. Ham, W. T., Mueller, H. A., Ruffolo, J. J. & Clarke, A. M. SENSITIVITY OF 
THE RETINA TO RADIATION DAMAGE AS A FUNCTION OF WAVELENGTH*. 
Photochemistry and Photobiology 29, 735–743 (1979). 
33. Borland, R. G., Brennan, D. H., Marshall, J. & Viveash, J. P. The role of 
fluorescein angiography in the detection of laser-induced damage to the retina: a 
threshold study for Q-switched, neodymium and ruby lasers. Exp. Eye Res. 27, 471–493 
(1978). 
34. Zwick, H., DiCarlo, C., Stuck, B. e. & Lund, D. j. MFERG Analysis of Longterm 
Laser Induced Retinal Injury in the Non-Human Primate. Invest. Ophthalmol. Vis. Sci. 
44, 4929 (2003). 
 207 
35. Luttrull, J. K., Sramek, C., Palanker, D., Spink, C. J. & Musch, D. C. Long-term 
safety, high-resolution imaging, and tissue temperature modeling of subvisible diode 
micropulse photocoagulation for retinovascular macular edema. Retina (Philadelphia, 
Pa.) 32, 375–386 (2012). 
36. Liang, J., Williams, D. R. & Miller, D. T. Supernormal vision and high-resolution 
retinal imaging through adaptive optics. J. Opt. Soc. Am. A 14, 2884–2892 (1997). 
37. Kriechbaum, K. et al. High-resolution imaging of the human retina in vivo after 
scatter photocoagulation treatment using a semiautomated laser system. Ophthalmology 
117, 545–551 (2010). 
38. Kitaguchi, Y. et al. Imaging of titanium:sapphire laser retinal injury by adaptive 
optics fundus imaging and Fourier-domain optical coherence tomography. Am. J. 
Ophthalmol. 148, 97–104.e2 (2009). 
39. Palanker, D., Lavinsky, D., Blumenkranz, M. S. & Marcellino, G. The impact of 
pulse duration and burn grade on size of retinal photocoagulation lesion: implications for 
pattern density. Retina (Philadelphia, Pa.) 31, 1664–1669 (2011). 
40. Muqit, M. M. K. et al. Spatial and spectral imaging of retinal laser 
photocoagulation burns. Invest. Ophthalmol. Vis. Sci. 52, 994–1002 (2011). 
41. Muqit MK, G. J. IN vivo laser-tissue interactions and healing responses from 20- 
vs 100-millisecond pulse pascal photocoagulation burns. Arch Ophthalmol 128, 448–455 
(2010). 
42. Schuele, G., Rumohr, M., Huettmann, G. & Brinkmann, R. RPE Damage 
Thresholds and Mechanisms for Laser Exposure in the Microsecond-to-Millisecond 
Time Regimen. IOVS 46, 714–719 (2005). 
43. Roegener, J., Brinkmann, R. & Lin, C. P. Pump-probe detection of laser-induced 
microbubble formation in retinal pigment epithelium cells. J Biomed Opt 9, 367–371 
(2004). 
44. Lin, C. P. & Kelly, M. W. Cavitation and acoustic emission around laser-heated 
microparticles. Applied Physics Letters 72, 2800–2802 (1998). 
45. Schuele, G. et al. Optoacoustic detection of selective RPE cell damage during μs-
laser irradiation. 92–96 (2001).doi:10.1117/12.446507 
46. Vogel, A., Nahen, K., Theisen, D. & Noack, J. Plasma formation in water by 
picosecond and nanosecond Nd:YAG laser pulses. I. Optical breakdown at threshold and 
superthreshold irradiance. IEEE Journal of Selected Topics in Quantum Electronics 2, 
847 –860 (1996). 
47. Kennedy, P. K. et al. Laser-induced retinal damage thresholds for annular retinal 
beam profiles. 258–266 (2004).doi:10.1117/12.529400 
48. Goldman, A. I., Ham, W. T., Jr & Mueller, A. H. Ocular damage thresholds and 
mechanisms for ultrashort pulses of both visible and infrared laser radiation in the rhesus 
monkey. Exp. Eye Res. 24, 45–56 (1977). 
49. Roach, W. P. et al. Retinal response of Macaca mulatta to picosecond laser pulses 
of varying energy and spot size. J Biomed Opt 9, 1288–1296 (2004). 
50. Snodderly, D. M., Brown, P. K., Delori, F. C. & Auran, J. D. The macular 
pigment. I. Absorbance spectra, localization, and discrimination from other yellow 
pigments in primate retinas. Invest. Ophthalmol. Vis. Sci. 25, 660–673 (1984). 
 208 
51. Snodderly, D. M., Auran, J. D. & Delori, F. C. The macular pigment. II. Spatial 
distribution in primate retinas. Invest. Ophthalmol. Vis. Sci. 25, 674–685 (1984). 
52. Marshall, J., Hamilton, A. M. & Bird, A. C. Histopathology of ruby and argon 
laser lesions in monkey and human retina. A comparative study. Br J Ophthalmol 59, 
610–630 (1975). 
53. Marshall, J. & Bird, A. C. A comparative histopathological study of argon and 
krypton laser irradiations of the human retina. Br J Ophthalmol 63, 657–668 (1979). 
54. Tassignon, M.-J., Stempels, N., Nguyen-Legros, J., Wilde, F. & Brihaye, M. The 
effect of wavelength on glial fibrillary acidic protein immunoreactivity in laser-induced 
lesions in rabbit retina. Graefe’s Archive for Clinical and Experimental Ophthalmology 
229, 380–388 (1991). 
55. Burris, C., Klug, K., Ngo, I. T., Sterling, P. & Schein, S. How Müller glial cells in 
macaque fovea coat and isolate the synaptic terminals of cone photoreceptors. J. Comp. 
Neurol. 453, 100–111 (2002). 
56. Ahmad, K. M., Klug, K., Herr, S., Sterling, P. & Schein, S. Cell density ratios in a 
foveal patch in macaque retina. Vis. Neurosci. 20, 189–209 (2003). 
57. Reichenbach, A. & Bringmann, A. Müller Cells in the Healthy Retina. Müller 
Cells in the Healthy and Diseased Retina 35–214 (2010).at 
<http://link.springer.com/chapter/10.1007/978-1-4419-1672-3_2> 
58. Iandiev, I. et al. Müller Cell Response to Blue Light Injury of the Rat Retina. 
IOVS 49, 3559–3567 (2008). 
59. Cato, A. C. & Wade, E. Molecular mechanisms of anti-inflammatory action of 
glucocorticoids. Bioessays 18, 371–378 (1996). 
60. Gupta, S. C., Sundaram, C., Reuter, S. & Aggarwal, B. B. Inhibiting NF-κB 
activation by small molecules as a therapeutic strategy. Biochimica et Biophysica Acta 
(BBA) - Gene Regulatory Mechanisms 1799, 775–787 (2010). 
61. Lam, T. T., Takahashi, K., Fu, J. & Tso, M. O. Methylprednisolone therapy in 
laser injury of the retina. Graefes Arch. Clin. Exp. Ophthalmol. 231, 729–736 (1993). 
62. Kandari, J. A., Raizada, S. & Razzak, A. A. Accidental Laser Injury to the Eye. 
Ophthalmic Surg Lasers Imaging 1–5 (2010).doi:10.3928/15428877-20100215-26 
63. Jonas, J. B., Martus, P., Degenring, R. F., Kreissig, I. & Akkoyun, I. Predictive 
factors for visual acuity after intravitreal triamcinolone treatment for diabetic macular 
edema. Arch. Ophthalmol. 123, 1338–1343 (2005). 
64. Mohamed, S. et al. Factors associated with variability in response of diabetic 
macular oedema after intravitreal triamcinolone. Clin. Experiment. Ophthalmol. 37, 602–
608 (2009). 
65. Cunningham, M. A., Edelman, J. L. & Kaushal, S. Intravitreal Steroids for 
Macular Edema: The Past, the Present, and the Future. Survey of Ophthalmology 53, 
139–149 (2008). 
66. Sramek, C. et al. Non-damaging Retinal Phototherapy: Dynamic Range of Heat 
Shock Protein Expression. IOVS 52, 1780–1787 (2011). 
67. Albarracin, R., Eells, J. & Valter, K. Photobiomodulation Protects the Retina from 
Light-Induced Photoreceptor Degeneration. IOVS 52, 3582–3592 (2011). 
 209 
68. Yu, P. K., Cringle, S. J., McAllister, I. L. & Yu, D.-Y. Low power laser treatment 
of the retina ameliorates neovascularisation in a transgenic mouse model of retinal 
neovascularisation. Exp. Eye Res. 89, 791–800 (2009). 
69. Gonzalez-Lima, F. & Rojas Low-level light therapy of the eye and brain. Eye and 
Brain 49 (2011).doi:10.2147/EB.S21391 
70. Eells, J. T. et al. Therapeutic photobiomodulation for methanol-induced retinal 
toxicity. Proc. Natl. Acad. Sci. U.S.A. 100, 3439–3444 (2003). 
71. Desmet, K. D. et al. Clinical and experimental applications of NIR-LED 
photobiomodulation. Photomed Laser Surg 24, 121–128 (2006). 
72. Rojas, J. C., Lee, J., John, J. M. & Gonzalez-Lima, F. Neuroprotective Effects of 
Near-Infrared Light in an In Vivo Model of Mitochondrial Optic Neuropathy. J. 
Neurosci. 28, 13511–13521 (2008). 
73. Chen, A. C.-H. et al. Low-Level Laser Therapy Activates NF-kB via Generation 
of Reactive Oxygen Species in Mouse Embryonic Fibroblasts. PLoS ONE 6, e22453 
(2011). 
74. Chung, H. et al. The nuts and bolts of low-level laser (light) therapy. Ann Biomed 
Eng 40, 516–533 (2012). 
75. Grimm, C., Wenzel, A., Hafezi, F. & Remé, C. E. Gene expression in the mouse 
retina: the effect of damaging light. Mol. Vis. 6, 252–260 (2000). 
76. Chen, L. et al. Light damage induced changes in mouse retinal gene expression. 
Experimental Eye Research 79, 239–247 (2004). 
77. Wu, T., Chen, Y., Chiang, S. K. S. & Tso, M. O. M. NF-κB Activation in Light-
Induced Retinal Degeneration in a Mouse Model. IOVS 43, 2834–2840 (2002). 
78. Noell, W. K., Walker, V. S., Kang, B. S. & Berman, S. Retinal damage by light in 
rats. Invest Ophthalmol 5, 450–473 (1966). 
79. Boretsky, A., Motamedi, M., Bell, B. & Kuijk, F. van Quantitative Evaluation of 
Retinal Response to Laser Photocoagulation Using Dual-Wavelength Fundus 
Autofluorescence Imaging in a Small Animal Model. IOVS (2011).doi:10.1167/iovs.10-
7033 
80. Denton, M. L. et al. Spatially correlated microthermography maps threshold 
temperature in laser-induced damage. J Biomed Opt 16, 036003 (2011). 
81. Schmitz-Valckenberg, S. et al. Real-time in vivo imaging of retinal cell apoptosis 
after laser exposure. Invest. Ophthalmol. Vis. Sci. 49, 2773–2780 (2008). 
82. Denton, M. L. et al. Damage Thresholds for Exposure to NIR and Blue Lasers in 
an In Vitro RPE Cell System. IOVS 47, 3065–3073 (2006). 
83. Gerstman, B. S. & Glickman, R. D. Activated Rate Processes and a Specific 
Biochemical Mechanism for Explaining Delayed Laser Induced Thermal Damage to the 
Retina. J. Biomed. Opt 4, 345–351 (1999). 
84. Alexander, G., Carlsen, H. & Blomhoff, R. Corneal NF-kappaB activity is 
necessary for the retention of transparency in the cornea of UV-B-exposed transgenic 
reporter mice. Exp. Eye Res. 82, 700–709 (2006). 
85. Carlsen, H., Moskaug, J. Ø., Fromm, S. H. & Blomhoff, R. In Vivo Imaging of 
NF-κB Activity. J Immunol 168, 1441–1446 (2002). 
86. Parsons, C. G., Danysz, W. & Quack, G. Glutamate in CNS disorders as a target 
for drug development: an update. Drug News Perspect. 11, 523–569 (1998). 
 210 
87. de Raad, S., Szczesny, P. J., Munz, K. & Remé, C. E. Light damage in the rat 
retina: glial fibrillary acidic protein accumulates in Müller cells in correlation with 
photoreceptor damage. Ophthalmic Res. 28, 99–107 (1996). 
88. Qiao, H., Lucas, K. & Stein-Streilein, J. Retinal Laser Burn Disrupts Immune 
Privilege in the Eye. Am J Pathol 174, 414–422 (2009). 
89. Leibu, R. et al. Development of laser-induced retinal damage in the rabbit. 
Graefe’s Archive for Clinical and Experimental Ophthalmology 237, 991–1000 (1999). 
90. Vázquez-Chona, F., Song, B. K. & Geisert, E. E., Jr Temporal changes in gene 
expression after injury in the rat retina. Invest. Ophthalmol. Vis. Sci. 45, 2737–2746 
(2004). 
91. Nivon, M., Richet, E., Codogno, P., Arrigo, A.-P. & Kretz-Remy, C. Autophagy 
activation by NFkappaB is essential for cell survival after heat shock. Autophagy 5, 766–
783 (2009). 
92. Nivon, M. et al. NF-kappa B regulates protein quality control after heat stress 
through   modulation of the BAG3-HspB8 complex. J. Cell Sci. 125, 1141–1151 (2012). 
93. Zeng, H., Tso, M. O. M., Lai, S. & Lai, H. Activation of nuclear factor-κB during 
retinal degeneration in rd Mice. (2008).at <http://www.molvis.org/molvis/v14/a128/> 
94. Krishnamoorthy, R. R. et al. Photo-oxidative stress down-modulates the activity 
of nuclear factor-kappaB via involvement of caspase-1, leading to apoptosis of 
photoreceptor cells. J. Biol. Chem. 274, 3734–3743 (1999). 
95. Wang, H.-C. H. NF-B Activation in Laser-Induced Retinal Injury in Rabbits. 
D837, (2008). 
96. Glickman, R. & Elliot, R. Functional and Cellular Responses to Laser Injury in 
the Rat Snake Retina. Proceedings of SPIE 6435,  
97. Glickman, R. D. et al. Intracellular signaling mechanisms responsive to laser-
induced photochemical and thermal stress. 260–269 (2005).doi:10.1117/12.584135 
98. Bhakar, A. L. et al. Constitutive nuclear factor-kappa B activity is required for 
central neuron survival. J. Neurosci. 22, 8466–8475 (2002). 
99. Fridmacher, V. et al. Forebrain-specific neuronal inhibition of nuclear factor-
kappaB activity leads to loss of neuroprotection. J. Neurosci. 23, 9403–9408 (2003). 
100. Piccioli, P. et al. Inhibition of nuclear factor-kappaB activation induces apoptosis 
in cerebellar granule cells. J. Neurosci. Res. 66, 1064–1073 (2001). 
101. Fu, E. S. et al. Transgenic inhibition of glial NF-kappa B reduces pain behavior 
and inflammation after peripheral nerve injury. Pain 148, 509–518 (2010). 
102. Brambilla, R. et al. Inhibition of astroglial nuclear factor kappaB reduces 
inflammation and improves functional recovery after spinal cord injury. J. Exp. Med. 
202, 145–156 (2005). 
103. Brambilla, R. et al. Transgenic inhibition of astroglial NF-kappa B leads to 
increased axonal sparing and sprouting following spinal cord injury. J. Neurochem. 110, 
765–778 (2009). 
104. Lawrence, R., Chang, L. J., Siebenlist, U., Bressler, P. & Sonenshein, G. E. 
Vascular smooth muscle cells express a constitutive NF-kappa B-like activity. J. Biol. 
Chem. 269, 28913–28918 (1994). 
 211 
105. Bellas, R. E., Lee, J. S. & Sonenshein, G. E. Expression of a constitutive NF-
kappa B-like activity is essential for proliferation of cultured bovine vascular smooth 
muscle cells. J Clin Invest 96, 2521–2527 (1995). 
106. Lindner, V. The NF-kappaB and IkappaB system in injured arteries. Pathobiology 
66, 311–320 (1998). 
107. Kowluru, R. A. & Chan, P.-S. Oxidative Stress and Diabetic Retinopathy. Exp 
Diabetes Res 2007, (2007). 
108. Cruickshanks, K. J., Klein, R., Klein, B. E. & Nondahl, D. M. Sunlight and the 5-
year incidence of early age-related maculopathy: the beaver dam eye study. Arch. 
Ophthalmol. 119, 246–250 (2001). 
109. Tomany, S. C., Cruickshanks, K. J., Klein, R., Klein, B. E. K. & Knudtson, M. D. 
Sunlight and the 10-year incidence of age-related maculopathy: the Beaver Dam Eye 
Study. Arch. Ophthalmol. 122, 750–757 (2004). 
110. Bone, R. A., Landrum, J. T., Guerra, L. H. & Ruiz, C. A. Lutein and zeaxanthin 
dietary supplements raise macular pigment density and serum concentrations of these 
carotenoids in humans. J. Nutr. 133, 992–998 (2003). 
111. Wenzel, A. J. et al. Macular pigment optical density at four retinal loci during 120 
days of lutein supplementation. Ophthalmic and Physiological Optics 27, 329–335 
(2007). 
112. Connolly, E. E. et al. Augmentation of macular pigment following 
supplementation with all three macular carotenoids: an exploratory study. Curr. Eye Res. 
35, 335–351 (2010). 
113. Trieschmann, M. et al. Changes in macular pigment optical density and serum 
concentrations of its constituent carotenoids following supplemental lutein and 
zeaxanthin: the LUNA study. Exp. Eye Res. 84, 718–728 (2007). 
114. Bernstein, P. S., Delori, F. C., Richer, S., van Kuijk, F. J. M. & Wenzel, A. J. The 
Value of Measurement of Macular Carotenoid Pigment Optical Densities and 
Distributions in Age-Related Macular Degeneration and Other Retinal Disorders. Vision 
Res 50, 716–728 (2010). 
115. Delori, F. C. & Pflibsen, K. P. Spectral reflectance of the human ocular fundus. 
Appl Opt 28, 1061–1077 (1989). 
116. Fawzi, A. A., Lee, N., Acton, J. H., Laine, A. F. & Smith, R. T. Recovery of 
macular pigment spectrum in vivo using hyperspectral image analysis. J Biomed Opt 16, 
(2011). 
117. Delori, F. C., Goger, D. G., Hammond, B. R., Snodderly, D. M. & Burns, S. A. 
Macular pigment density measured by autofluorescence spectrometry: comparison with 
reflectometry and heterochromatic flicker photometry. J Opt Soc Am A Opt Image Sci 
Vis 18, 1212–1230 (2001). 
118. Sharifzadeh, M., Zhao, D.-Y., Bernstein, P. S. & Gellermann, W. Resonance 
Raman imaging of macular pigment distributions in the human retina. J Opt Soc Am A 
Opt Image Sci Vis 25, 947–957 (2008). 
119. Werner, J. S. & Wooten, B. R. Opponent chromatic response functions for an 
average observer. Percept Psychophys 25, 371–374 (1979). 
 212 
120. Werner, J. S., Donnelly, S. K. & Kliegl, R. Aging and human macular pigment 
density. Appended with translations from the work of Max Schultze and Ewald Hering. 
Vision Res. 27, 257–268 (1987). 
121. Moreland, J. D. Macular pigment assessment by motion photometry. Arch. 
Biochem. Biophys. 430, 143–148 (2004). 
122. Ciulla, T. A., Hammond, B. R., Jr, Yung, C. W. & Pratt, L. M. Macular pigment 
optical density before and after cataract extraction. Invest. Ophthalmol. Vis. Sci. 42, 
1338–1341 (2001). 
123. Sasamoto, Y. et al. Effect of cataract in evaluation of macular pigment optical 
density by autofluorescence spectrometry. Invest. Ophthalmol. Vis. Sci. 52, 927–932 
(2011). 
124. Nolan, J. M., Stringham, J. M., Beatty, S. & Snodderly, D. M. Spatial profile of 
macular pigment and its relationship to foveal architecture. Invest. Ophthalmol. Vis. Sci. 
49, 2134–2142 (2008). 
125. Canovas, R. et al. Comparison between Macular Pigment Optical Density 
Measurements Using Two-Wavelength Autofluorescence and Heterochromatic Flicker 
Photometry Techniques. IOVS 51, 3152–3156 (2010). 
126. van de Kraats, J., Kanis, M. J., Genders, S. W. & van Norren, D. Lutein and 
zeaxanthin measured separately in the living human retina with fundus reflectometry. 
Invest. Ophthalmol. Vis. Sci. 49, 5568–5573 (2008). 
127. Heidelberg Engineering HRA Eye Explorer Manual (Heidelberg Engineering) 04-
03-2005. (2005). 
128. Wooten, B. R., Hammond, B. R., Jr, Land, R. I. & Snodderly, D. M. A practical 
method for measuring macular pigment optical density. Invest. Ophthalmol. Vis. Sci. 40, 
2481–2489 (1999). 
129. Snodderly, D. M. et al. Macular pigment measurement by heterochromatic flicker 
photometry in older subjects: the carotenoids and age-related eye disease study. Invest. 
Ophthalmol. Vis. Sci. 45, 531–538 (2004). 
130. Evangelidis, G. D. & Psarakis, E. Z. Parametric image alignment using enhanced 
correlation coefficient maximization. IEEE Trans Pattern Anal Mach Intell 30, 1858–
1865 (2008). 
131. Chia, T. H. & Levene, M. J. Detection of counterfeit US paper money using 
intrinsic fluorescence lifetime. Optics Express 17, 22054 (2009). 
132. Kirby, M. L. et al. Foveal anatomic associations with the secondary peak and the 
slope of the macular pigment spatial profile. Invest. Ophthalmol. Vis. Sci. 50, 1383–1391 
(2009). 
133. van der Veen, R. L. P., Ostendorf, S., Hendrikse, F. & Berendschot, T. T. J. M. 
Macular pigment optical density relates to foveal thickness. Eur J Ophthalmol 19, 836–
841 (2009). 
134. Liew, S. H. M. et al. Central retinal thickness is positively correlated with macular 
pigment optical density. Exp. Eye Res. 82, 915–920 (2006). 
135. Delori, F. C., Goger, D. G., Keilhauer, C., Salvetti, P. & Staurenghi, G. Bimodal 
spatial distribution of macular pigment: evidence of a gender relationship. J Opt Soc Am 
A Opt Image Sci Vis 23, 521–538 (2006). 
 213 
136. Wagner-Schuman, M. et al. Race- and sex-related differences in retinal thickness 
and foveal pit morphology. Invest. Ophthalmol. Vis. Sci. 52, 625–634 (2011). 
137. Elsner, A. E., Burns, S. A., Beausencourt, E. & Weiter, J. J. Foveal cone 
photopigment distribution: small alterations associated with macular pigment 
distribution. Invest. Ophthalmol. Vis. Sci. 39, 2394–2404 (1998). 
138. Wolf-Schnurrbusch, U. E. K. et al. Ethnic differences in macular pigment density 
and distribution. Invest. Ophthalmol. Vis. Sci. 48, 3783–3787 (2007). 
139. Neroev, V. V., Zueva, M. V. & Kalamkarov, G. R. [Molecular mechanisms of 
retinal ischemia]. Vestn Oftalmol 126, 59–64 (2010). 
140. Barakat, D. J., Dvoriantchikova, G., Ivanov, D. & Shestopalov, V. I. Astroglial 
NF-κB mediates oxidative stress by regulation of NADPH oxidase in a model of retinal 
ischemia reperfusion injury. Journal of Neurochemistry 120, 586–597 (2012). 
141. Weiter, J. J., Delori, F. C., Wing, G. L. & Fitch, K. A. Retinal pigment epithelial 
lipofuscin and melanin and choroidal melanin in human eyes. Invest. Ophthalmol. Vis. 
Sci. 27, 145–152 (1986). 
142. Keilhauer, C. N. & Delori, F. C. Near-infrared autofluorescence imaging of the 
fundus: visualization of ocular melanin. Invest. Ophthalmol. Vis. Sci. 47, 3556–3564 
(2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
